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Abstract 
This doctoral thesis deals with a suite of drilling cores and outcrop samples of the Lower Toarcian 
Posidonia Shale (PS) collected from multiple locations covering a vast area including the Swabian Alb 
(SA) and Franconian Alb (FA) of Southwest-Germany, Wenzen well (WEN) of Hils syncline, northern 
Germany, Runswick Bay of UK, Loon op Zand well (LOZ-1) of the West Netherlands Basin (WNB) and 
the Esch-sur-Alzette, Luxembourg (LU). Based on a series of laboratory measurements, firstly, shale oil 
potential was assessed including thermal maturity. In order to quantify the petroleum generation potential 
of the rocks a large set of experimental analyses was conducted including elemental analysis, Rock-Eval 
pyrolysis, organic petrographic investigations and molecular hydrocarbon analyses. Secondly, three types 
of depositional environments of the Posidonia Shale from these six different sampling localities were 
deduced mainly based on organic geochemical characteristics. 
The Lower Toarcian Shale is more carbonate-rich (about 30 % on average) in SW-Germany, NW-
Germany and Luxembourg, and is instead more silicate-rich in UK and NL with carbonate contents of 
about 15% on average. However, HI values are similar, approx. 500-700 mg HC/g TOC on average at all 
sampling localities, exhibiting typical type II kerogen with excellent hydrocarbon generation potential. 
Samples from outcrops of the Lower Toarcian Shale from Runswick Bay, UK, have reached the early 
stage of the oil window, with quite uniform Tmax values (425-438°C, avg. 433 °C) and a narrow range of 
PI (production index) values (0.10-0.19), substantiated by mature fluorescing characteristics of telalginite 
and lamalginite and vitrinite reflectance values of 0.6-0.7%. Wider ranges of Tmax values (421-443°C, avg. 
427°C), vitrinite reflectance (0.4-0.8%) and production indices (0.06-0.29) suggest more variable thermal 
maturation ranging from immature to almost peak oil generation at the LOZ-1 well, NL, although only 
some intervals indicate advanced thermal maturity there. Non-indigenous light hydrocarbons occur at the 
LOZ-1 well, NL, evidenced by unexpectedly high production indices and abundant low molecular weight, 
short-chain n-alkanes extending from n-C10 to n-C16 together with a sharp decrease of n-alkanes 
concentration towards the heavier, long-chain components (>n-C20).  In contrast, the Lower Toarcian 
marlstones from the Swabian and Franconian Alb of SW-Germany are clearly immature, similar to the 
samples from Luxembourg. In NW-Germany, the Posidonia Shale covers a wide spectrum of maturity 
ranging from immature to overmature. 
Organic geochemical characteristics were comprehensively analyzed and compared for these six different 
sampling localities on a series of sterane, hopane and aromatic biomarkers. Results indicate that highest 
thermal maturity occurs in the PS of Runswick Bay, UK, equivalent to ca. 0.7% VRr, whereas samples 
from other sampling localities did not exceed the early stage of oil generation or are immature with merely 
slight variations. Comparable, immature to marginally mature source rocks make it possible to compare 
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their depositional environments based on biomarker characteristics. Accordingly, three different types of 
redox conditions are established on the basis of biomarker indicators for these six sampling localities 
during deposition of the PS in NW Europe. (1) Ferruginous conditions are discriminated by low 
dibenzothiophene/ phenanthrene (<0.2) and gammacerane index (<0.1) values in Runswick Bay, UK, and 
possibly also LOZ-1, NL, especially when accompanied by high sulfur content and abundant tiny pyrites 
(>95% of < 7 µm in diameter) which are postulated to be partly generated within the water column due to 
immediate reaction of Fe
2+
 and H2S derived from bacterial sulfate reduction. (2) In contrast to the iron-
rich, low-sulfidic conditions, sulfidic (euxinic) bottom waters possibly with enhanced water salinity and 
stratified water column prevailed due to restricted iron supply in the Esch-sur-Alzette of LU. Similar but 
slightly less reducing and less sulfidic conditions occurred in the FA of SW-Germany as well as WEN of 
northern Germany which was also probably less saline. (3) For the PS of SA, a more oxygenated (dysoxic) 
water column associated with anoxic sediments (anoxic/dysoxic boundary close to the sediment/water 
interface) is indicated. 
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Zusammenfassung 
Im Rahmen dieser Dissertation wurden eine Vielzahl von Bohrkern- und Aufschlussproben aus dem 
Posidonienschiefer (PS) des Unteren Toarciums untersucht. Die Probenlokationen umfassen die 
Schwäbische- (SA) und die Fränkische Alb (FA) Südwest-Deutschlands, die Wenzen Bohrung (WEN) in 
der Hils Synkline Norddeutschlands, die Runswick Bay des Vereinigten Königreichs, die Loon op Zand 
Bohrung (LOZ-1) im West-Niederländischen Becken (WNB) sowie die Esch-sur-Alzette Bohrung in 
Luxembourg (LU).  Zunächst wurden anhand unterschiedlicher Messungen das Shale Oil Potential und 
die thermische Reife der Proben bestimmt. Zur Quantifizierung des Ölgenesepotentials wurde 
umfangreiche Analysemethoden angewandt. Neben der elementaren Zusammensetzung der Ton- und 
Mergelsteine wurden Rock-Eval Pyrolyse, organisch-petrographische Untersuchungen sowie molekulare 
Analysen der Kohlenwasserstoffe durchgeführt. Basierend auf den  organisch-geochemischen 
Charakteristika konnten die Posidonienschiefer der sechs Herkunftsgebiete unterschiedlichen 
Ablagerungsmilieus zugeordnet werden. 
In Südwest- und Nordwestdeutschland, ebenso wie in Luxembourg, weist der untersuchte 
Posidonienschiefer höhere Karbonatgehalte auf (durchschnittlich 30 %) als im Vereinigten Königreich 
und in den Niederlanden. Hier enthält der silikatreiche Schiefer durchschnittlich 15 % Karbonat. Die HI-
Werte aller Lokationen hingegen sind mit durchschnittlich 500-700 mg HC/g TOC durchaus ähnlich und 
weisen auf ein typisches Typ II Kerogen mit ausgezeichnetem Ölgenesepotential hin. Der aus der 
Runswick Bay stammende Posidonienschiefer ist charakterisiert durch nah beieinander liegende Tmax-
Werte (425-438 °C, durchschn. 433 °C) und eine schmalen Bandbreite der PI (production index) -Werte 
(0,10-0,19). Das Erreichen eines frühen Stadiums des Ölfensters wird zudem durch das Fluoreszenz-
Verhalten von Telalginit und Lamalginit, sowie eine Vitrinitreflexion von 0,6-0,7 % untermauert. Größere 
Spannweiten der Tmax-Werte (421-443 °C, durchschn. 427 °C), der Vitrinitreflexion (0,4-0,8 %) und der 
PI-Werte (0,06-0,29) der aus der niederländischen LOZ-1 Bohrung stammenden Proben weisen auf eine 
variablere thermische Reife hin, von unreif hin zum Erreichen des Höhepunktes der Ölgenese, wobei hier 
nur einige Intervalle eine fortgeschrittene thermische Reife aufweisen. Das Vorkommen allochthoner, 
leichter Kohlenwasserstoffe in der LOZ-1 Bohrung wird durch unerwartet hohe PI-Werte und ein 
vorherrschend geringes Molekulargewicht, also vorwiegend kurzkettige n-Alkane (n-C10 bis n-C16 ) 
zusammen mit einer starken Abnahme der Konzentration an n-Alkanen zu den schwereren, langkettigen 
Bestandteilen (> n-C20) hin belegt. Im Gegensatz dazu, sind die Mergelsteine aus der Schwäbischen- und 
Fränkischen Alb Südwestdeutschlands eindeutig unreif, ebenso wie die aus Luxembourg stammenden 
Proben. Der Posidonienschiefer aus Nordwestdeutschland weist ein breites Reifespektrum, von unreif hin 
zu überreif, auf. 
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Anhand verschiedener Sterane, Hopane und aromatischer Biomarker wurden die organisch-
geochemischen Eigenschaften der sechs beprobten Lokationen ausführlich untersucht und miteinander 
verglichen. 
Die Resultate indizieren eine höchste thermische Reife (äquivalent zu ca. 0,7 % VR) des PS in der 
Runswick Bay, während die Proben aus den anderen Lokationen, mit nur geringen Abweichungen, 
entweder unreif sind oder aber ein frühes Stadium der Ölgenese nicht überschritten haben.  Der Vergleich 
der Biomarkerauswertungen  zu weiteren unreifen bis marginal reifen Muttergesteinen ermöglicht 
Rückschlüsse auf das Ablagerungsmilieu. Dementsprechend wurden auf der Basis von Biomarker-
Indikatoren drei unterschiedliche Typen von Redox-Bedingungen für die sechs untersuchten 
Probenlokationen während der Ablagerung des PS in NW-Europa etabliert. (1) Eisen-reiche, sulfidarme 
Bodenwässer werden für die Proben der Runswick Bay durch niedrige Dibenzothiophen/Phenanthren- (< 
0,2) und Gammacerane Index (< 0,1) Werte diskriminiert, was besonders im Falle von hohen 
Schwefelgehalten und dem häufigen Auftreten von winzigen Pyriten (> 95 % mit einem Durchmesser < 
7µm) auch für die Proben aus der LOZ-1 Bohrung gilt, da unter diesen Umständen von einer zumindest 
teilweisen Bildung des Pyrits in der Wassersäule durch eine direkte Reaktion von durch bakterielle 
Sulfatreduktion H2S mit Eisen auszugehen ist. (2) Im Gegensatz zu eisenreichen, niedrig-sulfidischen 
Bedingungen herrschten durch die begrenzte Eisenverfügbarkeit in der Esch-sur-Alzette (LU) sulfidische 
(euxinische) Bedingungen im Bodenwasser, wahrscheinlich verbunden mit erhöhter Salinität und einem 
stratifiziertem Aufbau der Wassersäule. Ähnliche, allerdings etwas weniger reduzierende und sulfidische 
Bedingungen traten in der Fränkische Alb SW-Deutschlands und in der Hilsmulde (WEN) 
Norddeutschlands auf; letztere waren möglicherweise weniger salin. (3) Für den PS der Schwäbischen Alb 
ist eine leicht sauerstoffhaltige (dysoxische)  Bodenwassersäule, assoziiert mit anoxischen Sedimenten 
(anoxisch/dysoxische Grenze nahe der Sediment/Wasser Grenzfläche) abzuleiten. 
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Symbols and Abbreviations 
AIR                            aryl isoprenoid ratio 
BI                       bitumen index [mg HC/g TOC] 
BSR                            bacterial sulfate reduction        
D/P                            dibenzothiophene/phenanthrene 
EIA                             U.S. Energy Information Administration 
FA                               Franconian Alb 
GC-FID                       gas chromatography – flame ionization detector  
GC-MS                       gas chromatography–mass spectrometry 
HC                              hydrocarbon(s)  
HI                               hydrogen index  [mg HC/g TOC] 
LOZ-1                        Loon op Zand well 
LU                              Luxembourg 
Ma                             million years  
MA                            monoaromatic steroid 
MPI-1                        methylphenanthrene index 
n.d.                            not determined 
NL                              the Netherlands 
OAE                           Ocean Anoxic Event  
OI                               oxygen index [mg CO2/g TOC] 
OM                            organic matter  
PDB        Pee Dee Belemnite (stable carbon isotope standard) 
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PI                               production index 
PS                              Posidonia Shale  
PZA                           photic zone anoxia 
S1                               free hydrocarbons [mg HC /g rock] 
S2                               hydrocarbons generated by thermal cracking [mg HC /g rock] 
SA                              Schwabian Alb 
SEM                          scanning electron microscopy 
SPI                             source potential index [kg HC/m2] 
TA                              triaromatic steroid 
TC                              total carbon [wt. %] 
TIC                             total inorganic carbon [wt. %] 
Tm                             17α(H)-22,29,30-trisnorhopane 
Tmax                            temperature of maximum hydrocarbon generation rate [°C] 
TOC                           total organic carbon [wt. %] 
Ts                               18α(H)-22,29,30-trisnorneohopane 
TS                               total sulfur [wt. %] 
UK                              United Kingdom 
VPDB         Vienna Pee Dee Belemnite (stable carbon isotope standard) 
VRr                             vitrinite reflectance [%] 
WIC                            Wickensen 
δ13C                       stable carbon isotopic composition [‰] 
ρ                                density [t/m3] 
ix 
 
Table of Contents  
Acknowledgments ......................................................................................................................... i 
Abstract ....................................................................................................................................... iii 
Zusammenfassung ........................................................................................................................ v 
Symbols and Abbreviations ....................................................................................................... vii 
Table of Contents ......................................................................................................................... ix 
List of Figures ........................................................................................................................... xiii 
List of Tables ........................................................................................................................... xvii 
1 Introduction ............................................................................................................................... 1 
1.1 Shale oil and/or gas exploration ........................................................................................ 1 
1.2 Lower Toarcian Posidonia Shale in NW-Europe .............................................................. 4 
1.3 Three major sedimentary components of the Posidonia Shale .......................................... 9 
1.4 Characteristics of palaeoredox conditions in shales ........................................................ 10 
1.4.1 Sedimentary indicators ............................................................................................. 10 
1.4.2 Relationships of total organic carbon versus total sulfur ......................................... 11 
1.4.3 Pyrite geochemistry .................................................................................................. 11 
1.4.4 Petrographical characteristics ................................................................................... 12 
1.4.5 Redox-sensitive trace metals .................................................................................... 13 
1.4.6 Biomarker indicators ................................................................................................ 13 
1.5 Chapter overview ............................................................................................................. 15 
1.5.1 Chapter 2: Organic facies variability in the Posidonia Black Shale from 
Luxembourg: Implications for thermal maturation and depositional environment ................ 15 
1.5.2 Chapter 3: Shale oil potential and thermal maturity of the Lower Toarcian 
Posidonia Shale in NW Europe ............................................................................................... 15 
1.5.3 Chapter 4: Organic geochemistry of the Lower Toarcian Posidonia Shale in NW 
Europe: Ferruginous vs. sulfidic redox conditions ................................................................. 16 
x 
 
2 Organic facies variability in the Posidonia Black Shale from Luxembourg: Implications for 
thermal maturation and depositional environment ......................................................................... 17 
2.1 Introduction ..................................................................................................................... 19 
2.2 Geological background .................................................................................................... 20 
2.3 Samples and methods ...................................................................................................... 21 
2.4 Results ............................................................................................................................. 23 
2.4.1 Elemental analysis .................................................................................................... 23 
2.4.2 Rock-Eval pyrolysis ................................................................................................. 27 
2.4.3 Organic petrography ................................................................................................. 31 
2.4.4 Organic geochemistry .............................................................................................. 33 
2.5 Discussion ........................................................................................................................ 37 
2.5.1 Source and Maturity ................................................................................................. 37 
2.5.2 Depositional environment ........................................................................................ 40 
2.6 Comparison to other Posidonia Shale profiles and oil/gas shales from North America . 45 
2.7 Conclusions ..................................................................................................................... 49 
2.8 Acknowledgments ........................................................................................................... 49 
3 Shale oil potential and thermal maturity of the Lower Toarcian Posidonia Shale in NW 
Europe ............................................................................................................................................ 50 
3.1 Abstract ............................................................................................................................ 51 
3.2 Introduction ..................................................................................................................... 52 
3.3 Geological setting ............................................................................................................ 53 
3.4 Samples and methods ...................................................................................................... 56 
3.4.1 Samples .................................................................................................................... 56 
3.4.2 Bulk elemental compositions ................................................................................... 57 
3.4.3 Rock-Eval pyrolysis ................................................................................................. 57 
3.4.4 Organic petrography ................................................................................................. 57 
3.4.5 Gas chromatography-flame ionization detector (GC-FID) ...................................... 58 
xi 
 
3.5 Results ............................................................................................................................. 58 
3.5.1 Elemental analysis .................................................................................................... 58 
3.5.2 Rock-Eval pyrolysis ................................................................................................. 63 
3.5.3 Organic petrography ................................................................................................. 69 
3.5.4 Organic geochemistry .............................................................................................. 71 
3.6 Discussion ........................................................................................................................ 76 
3.6.1 Source ....................................................................................................................... 76 
3.6.2 Thermal maturity ...................................................................................................... 81 
3.6.3 Key factors for shale oil potential ............................................................................ 84 
3.7 Conclusions ..................................................................................................................... 91 
3.8 Acknowledgments ........................................................................................................... 92 
4 Organic geochemistry of the Lower Toarcian Posidonia Shale in NW Europe ..................... 93 
4.1 Introduction ..................................................................................................................... 95 
4.2 Geological background .................................................................................................... 97 
4.3 Methods ........................................................................................................................... 98 
4.3.1 Samples .................................................................................................................... 98 
4.3.2 GC-MS ..................................................................................................................... 98 
4.4 Results ............................................................................................................................. 99 
4.4.1 Aliphatic fractions .................................................................................................... 99 
4.4.2 Aromatic fractions .................................................................................................. 105 
4.5 Discussion ...................................................................................................................... 111 
4.5.1 Thermal maturity trends ......................................................................................... 111 
4.5.2 Origin of organic matter ......................................................................................... 115 
4.5.3 Water salinity ......................................................................................................... 117 
4.5.4 Redox conditions .................................................................................................... 119 
4.5.5 Depositional mechanisms ....................................................................................... 129 
xii 
 
4.6 Conclusions ................................................................................................................... 133 
4.7 Acknowledgments ......................................................................................................... 134 
5 Summary ............................................................................................................................... 135 
References .................................................................................................................................... 138 
Curriculum Vitae .............................................................................................................................. I 
 
  
xiii 
 
List of Figures  
Figure 1.1 Basins with assessed shale oil and shale gas formations in the world (EIA, 2014). ................... 3 
Figure 1.2 Type of estimated natural gas and crude oil production in four countries, i.e. the United States, 
Canada, China and Argentina (EIA, 2014). .................................................................................................. 4 
Figure 1.3 Paleogeographic reconstruction for the Pliensbachian–Toarcian period (Dera et al., 2009). .. 5 
Figure 1.4 Lithostratigraphic sequence and biozones of the Jurassic and the Toarcian (After Jenkyns and 
Clayton, 1997; Pieńkowski et al., 2008). ....................................................................................................... 6 
Figure 1.5 Palaeogeographic maps for Toarcian sections in northwestern Europe. ................................... 7 
Figure 1.6 Typical fossils observed under SEM. ........................................................................................... 8 
Figure 2.1 Location of the studied well in Esch-sur-Alzette, Luxembourg. Black areas are Jurassic 
outcrops. Modified from Pienkowski (2008). .............................................................................................. 20 
Figure 2.2 Stratigraphy and core description of the Lower Toarcian (Posidonia) shale of the FR-210-006 
well drilled in Esch-sur-Alzette, Luxembourg. Sedimentary components calculated after Littke et al. 
(1991a). ....................................................................................................................................................... 22 
Figure 2.3 Plots of elemental composition and the three major sedimentary components from the 
Posidonia Shale in Luxembourg. ................................................................................................................. 24 
Figure 2.4 Rock-Eval HI vs. Tmax plot indicating that the Posidonia Shale from Luxembourg is dominated 
by immature type II kerogen. ....................................................................................................................... 29 
Figure 2.5 Rock-Eval HI vs. OI plot of the Posidonia Shale from Luxembourg. The shaded area indicates 
distribution of laminated Posidonia Shale from southern Germany (Röhl et al., 2001). ............................ 29 
Figure 2.6 Hydrogen index plot (S2 vs. TOC) indicating type II kerogen for Toarcian shales from 
Luxembourg. ................................................................................................................................................ 29 
Figure 2.7 Correlation between S1 (free bitumen) and TOC and S2 of the Lower Toarcian shales from 
Luxembourg. ................................................................................................................................................ 30 
Figure 2.8 Variation of production index (left) and bitumen index (right) with depth in the Lower Toarcian 
shales from Luxembourg. ............................................................................................................................ 30 
Figure 2.9 Microscopic observations in reflected white light (A, C, E, G) and incident light fluorescence 
mode (B, D, F, H). ....................................................................................................................................... 32 
Figure 2.10 Gas chromatograms of the saturated fraction of the Lower Toarcian shales from 
Luxembourg. ................................................................................................................................................ 34 
Figure 2.11 Distribution of steranes and terpanes of the Posidonia Shale in Luxembourg, using m/z 217 
and m/z 191, respectively. ........................................................................................................................... 35 
Figure 2.12 Ternary diagram showing the relative abundances of C27, C28 and C29 regular steranes in 
the saturated hydrocarbon fractions of the PS in Luxembourg. .................................................................. 39 
xiv 
 
Figure 2.13 Sterane-based molecular maturity marker vs. vitrinite reflectance, indicating low maturity of 
the PS from Luxembourg. ............................................................................................................................ 39 
Figure 2.14 Pristane/nC17 versus phytane/nC18 reflecting kerogen type, maturity, and depositional 
environment for the Posidonia Shale in Luxembourg. ................................................................................ 40 
Figure 2.15 Total sulfur (TS) vs. TOC indicating environments of deposition of the Posidonia Shale in 
Luxembourg. ................................................................................................................................................ 41 
Figure 2.16 Geochemical correlations to the depositional environment .................................................... 43 
Figure 2.17 Comparison of original total organic carbon content (TOCo) of various North American oil 
and gas shales with the Posidonia Shale from Paris Basin and Germany. ................................................. 46 
Figure 3.1 Sinemurian-Aalenian paleogeographic map ............................................................................. 54 
Figure 3.2 Lithostratigraphic sequence and biozones of the Toarcian in Germany, UK and NL. ............. 55 
Figure 3.3 Plots of TOC, TS and Carbonate vs. depth for the Lower Toarcian shales and marlstones from 
the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL.................................................... 59 
Figure 3.4 TOC, TIC and TS of the PS from the SA and FA of SW-Germany, Runswick Bay of UK and 
LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 2014) and Wickensen 
core of NW-Germany (Littke et al., 1991a).. ............................................................................................... 63 
Figure 3.5 Distributions of the three major sedimentary components of the Posidonia Shale from the SA 
and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as literature data of the Esch-sur-
Alzette of LU (Song et al., 2014) and Wickensen core of NW-Germany (Littke et al., 1991a). .................. 63 
Figure 3.6 Rock-Eval pyrolysis data of the PS from the SA, and FA of SW-Germany, Runswick Bay of UK 
and LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 2014) and 
Wickensen core of NW-Germany (Littke et al., 1991a). .............................................................................. 64 
Figure 3.7 Cross plots of HI vs. OI and Tmax of the SA and FA of SW-Germany, Runswick Bay of UK, 
LOZ-1 of NL and literature data of the Esch-sur-Alzette, LU (Song et al.,2014), and Wickensen core of 
NW-Germany (Littke et al., 1991a). ............................................................................................................ 66 
Figure 3.8 Microphotographs of the PS. ..................................................................................................... 70 
Figure 3.9 Gas chromatograms of the saturated fraction of the Lower Toarcian Shale from the SA and FA, 
SW-Germany. .............................................................................................................................................. 72 
Figure 3.10 Gas chromatograms of the saturated fraction of the Lower Toarcian Shale from Runswick 
Bay, UK and LOZ-1, NL. ............................................................................................................................. 73 
Figure 3.11 N-alkanes distributions of the Lower Toarcian shales and marlstones from the SA and FA of 
SW-Germany, Runswick Bay of UK, LOZ-1 of NL and Wenzen of NW-Germany as well as literature data 
of the Esch-sur-Alzette of LU (Song et al., 2014). ....................................................................................... 75 
xv 
 
Figure 3.12 Total sulfur (TS) versus total organic carbon (TOC) of the PS from the SA and FA of SW-
Germany, Runswick Bay of UK, LOZ-1 of NL and Wenzen of NW-Germany as well as literature data of 
the Esch-sur-Alzette, LU (Song et al., 2014). .............................................................................................. 76 
Figure 3.13 Relative abundances of terrigenous/aquatic organic matter inputs. ....................................... 78 
Figure 3.14 Pr/Ph ratios of the PS from the SA and FA of SW-Germany, Runswick Bay of UK, LOZ-1 of 
NL and Wenzen of NW-Germany as well as literature data of the Esch-sur-Alzette, LU (Song et al., 2014).
 ..................................................................................................................................................................... 80 
Figure 3.15 Pristane/n-C17 vs. phytane/n-C18 reflecting kerogen type, maturity and depositional 
environment. ................................................................................................................................................ 80 
Figure 3.16 Maturation indicated by CPI (1), OEP (1) and CPI13-19 vs. (Pr+Ph)/(n-C17+n-C18). ....... 82 
Figure 3.17 (a) A simplified model is proposed for magmatic activities locally influencing on thermal 
maturation of the PS from the LOZ-1, NL. (b) Solid bitumen is observed in fractures. (c) Oils observed are 
mainly sorbed around alginite in the very immature samples, e.g. 14-074. (d) Oils with brownish color are 
clearly displayed after being enhanced by red. ........................................................................................... 84 
Figure 3.18 Correlations of S1, S2, S3 and TOC for the PS from the SA and FA of SW-Germany, Runswick 
Bay of UK, LOZ-1 of NL and literature data of the Woodford Shale (Micelli Romero and Philp, 2012). . 87 
Figure 4.1 Sinemurian-Aalenian paleogeographic map.. ........................................................................... 96 
Figure 4.2 Examplary distributions of steranes (m/z 217) of the PS in the SA and FA of SW-Germany, 
Runswick Bay of UK and LOZ-1 of NL. ...................................................................................................... 99 
Figure 4.3 Examplary distributions of hopanes (m/z 191) of the Posidonia Shale in the SA and FA of SW-
Germany, Runswick Bay of UK and LOZ-1 of NL. ................................................................................... 101 
Figure 4.4 Examplary distribution of tricyclic terpanes (cheilanthanes) detected using m/z 191 in the 
Posidonia Shale from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL. ............. 104 
Figure 4.5 Total ion chromatograms (TIC) of the aromatic hydrocarbons of the Posidonia Shale from the 
SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL. ...................................................... 106 
Figure 4.6 Examplary distributions of phenanthrene (m/z 178 & 192) of the PS from the SA and FA of 
SW-Germany, Runswick Bay of UK and LOZ-1 of NL. ............................................................................. 107 
Figure 4.7 Examplary distributions of triaromatic steroids (m/z=231) of the PS from the SA and FA of 
SW-Germany, Runswick Bay of UK and LOZ-1 of NL. ............................................................................. 108 
Figure 4.8 Examplary distributions of C-ring monoaromatic steroids (m/z=253) of the PS from the SA and 
FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL. 4.7. ............................................................ 109 
Figure 4.9 Examplary distributions of aryl isoprenoids: m/z=133: l-alkyl-2,3,6-trimethylbenzenes; 
m/z=134: l-alkyl-3,4,5-trimethylbenzenes. ................................................................................................ 110 
xvi 
 
Figure 4.10 Molecular indicators of thermal maturity by sterane isomerization for the PS from the SA and 
FA of SW-Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the Esch-
sur-Alzette of LU. ...................................................................................................................................... 111 
Figure 4.11 Molecular indicators of thermal maturity based on sterane and hopane isomerization vs. VRr 
& Tmax for the PS from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as 
the Esch-sur-Alzette of LU. ....................................................................................................................... 112 
Figure 4.12  (A) & (B): MPI-1 vs. Tmax & VRr plots for the PS from the SA and FA of SW-Germany, 
Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the Esch-sur-Alzette, LU. .. 114 
Figure 4.13 TA/ (TA+MA) vs. TA(I)/ TA(I+II) suggesting thremal maturation trend of the PS from the SA 
and FA of SW-Germany, Wenzen of  NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the 
Esch-sur-Alzette of LU. ............................................................................................................................. 115 
Figure 4.14 Terrigenous organic matter indicators. ................................................................................. 116 
Figure 4.15 Water salinity indicators. ...................................................................................................... 118 
Figure 4.16  Relative abundances of organic sulfur compounds (OSCs) indicated by 
dibenzothiophene/phenanthrene. ............................................................................................................... 121 
Figure 4.17 Pyrite in the Lower Toarcian Posidonia Shale under reflected white light. ......................... 124 
Figure 4.18 Plot of total sulfur (TS) vs. carbonate for the PS from the SA and FA of SW-Germany, Wenzen 
of NW-Germany, Runswick Bay of UK, LOZ-1 of NL and Esch-sur-Alzette of LU. ................................. 125 
Figure 4.19 Oxygen related AIRs compared to Pr/Ph indicate redox conditions in water column during 
deposition of the PS in the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as 
the Esch-sur-Alzette of LU. ....................................................................................................................... 127 
Figure 4.20 Aryl isoprenoid ratio (AIR: C13-17/C18-22) vs. dibenzothiophene/ phenanthrene plot for the PS 
from the SA and FA of SW-Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as 
well as the Esch-sur-Alzette, LU. .............................................................................................................. 128 
  
xvii 
 
List of Tables 
Table 2.1 Elemental analysis data of the Posidonia Shale in Luxembourg (see text for abbreviations). ... 25 
Table 2.2 Rock-Eval pyrolysis data of the Posidonia Shale in Luxembourg (see text for abbreviations)... 30 
Table 2.3 Overview of vitrinite reflectance and geochemical parameters from gas chromatographic 
analysis of saturated hydrocarbons from the Posidonia Shale in Luxembourg. ......................................... 33 
Table 2.4 Identified isomers of steranes and diasteranes measured using m/z 217 of the Posidonia Shale in 
Luxembourg. ................................................................................................................................................ 36 
Table 2.5 Identified hopanes measured using m/z 191 of the Posidonia Shale in Luxembourg. ................ 36 
Table 2.6 Overview of biomarker ratios for the Posidonia Shale in Luxembourg. ..................................... 37 
Table 2.7 Regional comparisons of Toarcian black shales of Europe. ....................................................... 47 
Table 2.8 The Posidonia Shale in Luxembourg compared to North American oil and gas shales. ............ 48 
Table 3.1 Elemental composition and the calculated three major primary sedimentary components of the 
Posidonia Shale from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as 
Wenzen of NW-Germany. ............................................................................................................................ 60 
Table 3.2 Rock-Eval pyrolysis data of the Posidonia Shale from the SA and FA of SW-Germany, Runswick 
Bay of UK and LOZ-1 of NL as well as Wenzen of NW-Germany. ............................................................. 67 
Table 3.3 Measured VRr values of the Posidonia Shale from the SA and FA of SW-Germany, Runswick 
Bay of UK and LOZ-1 of NL. ...................................................................................................................... 71 
Table 3.4 Molecular organic geochemical parameters from gas chromatographic analysis of saturated 
hydrocarbons of the Lower Toarcian Shale from the SA and FA of SW-Germany, Runswick Bay of UK and 
LOZ-1 of NL as well as Wenzen of NW-Germany. ...................................................................................... 74 
Table 3.5 SPI calculated based on our studied sections of the PS in the SA and FA of SW-Germany, 
Runswick Bay of UK and LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 
2014) and Wickensen core of NW-Germany (Littke et al., 1991a). ............................................................. 85 
Table 3.6 The Posidonia Shale in NW Europe compared to North American oil and gas shales............... 89 
Table 4.1 Geochemical data of organic matter in average values in the studied sections of the PS from all 
sampling localities (Song et al., 2015). ....................................................................................................... 96 
Table 4.2 Identified isomers of steranes measured using m/z 217 for the PS in the SA and FA of SW-
Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL. .......................................... 100 
Table 4.3 Identified hopanes measured using m/z 191 of the Posidonia Shale in the SA and FA of SW-
Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL. .......................................... 101 
Table 4.4 Overview of biomarker ratios of the Posidonia Shale in the SA and FA of SW-Germany, Wenzen 
of  NW-Germany,  Runswick Bay of UK and LOZ-1 of NL as well as the Esch-sur-Alzette, LU.. ............ 103 
Table 4.5 Peak identification of tricyclic terpanes (cheilanthanes). ......................................................... 104 
xviii 
 
Table 4.6 Peak identification of triaromatic steroids. ............................................................................... 107 
Table 4.7 Peak identification of C-ring monoaromatic steroids. .............................................................. 109 
Table 4.8 A summary of the three different types of redox conditions prevailed in the sampling localities 
during deposition of the Lower Toracian Posidonia Shale in NW Europe. .............................................. 131 
  
1 
 
1 Introduction 
This thesis focuses on the geochemical differences of the Posidonia Shale in Germany, Luxembourg, UK 
and NL, which covers a vast area in Europe. Nowadays, shale oil (tight oil or light tight oil) and gas seem 
to have a dramatic impact on the supply of oil and especially gas. In this regard, this work attempts to 
view the old extensively studied shales from a new angle and provide a broadened sight by comparisons 
for multiple sampling localities which had ever been only separately and individually studied in the past.  
1.1 Shale oil and/or gas exploration 
The production success from shale-gas resource systems in North America has led to an international 
effort in exploration to identify such systems. This type of resource potential is present wherever a source 
rock is present, with risk ranging from and including geologic, geochemical, petrophysical, engineering, 
logistical, and economical to environmental factors (Jarvie, 2012a). With the remarkable success in 
locating and producing shale-gas resource systems, an overabundance of gas has reduced its economic 
value. Exploration and development hence shifted toward locating producible shale-oil resource systems 
in the United States since about 2008. The economic value of petroleum liquids is believed to be greater 
than that of natural gas (Jarvie, 2012b). As another exploration and production paradigm shift, efforts to 
move from gas into more liquid-rich and black-oil areas have also reduced oil price. In late 2014, the large 
increase in tight oil production from the Eagle Ford Shale was one of the reasons behind the price drop.  
Shale resource systems are regarded as unconventional resource systems because they are typically 
organic-rich mudstones that serve as both source and reservoir rock or source petroleum is found in 
juxtaposed organic-lean facies. As a continuous organic-rich source rock(s) that may be both a source and 
a reservoir rock for the production of petroleum (oil and gas) or may charge and seal petroleum in 
juxtaposed, continuous organic-lean interval(s), there may be both primary migration processes that are 
limited to movement within the source interval (Welte and Leythaeuser, 1984) and secondary migration 
into non-source horizons juxtaposed to the source rock(s) (Welte and Leythaeuser, 1984). Certainly 
additional migration away from the resource system into non-juxtaposed, non-continuous reservoirs may 
also occur. In this scheme, fractured shale-oil systems, that is, shales with open fractures, are included as 
shale resource systems (Jarvie, 2012a). Given this definition of shale resource systems, these plays are not 
new with production from fractured mudstone reservoirs ongoing for more than 100 yr (Curtis, 2002). Gas 
from Devonian shales in the Appalachian Basin and oil from fractured Monterey Shale, for example, have 
had ongoing long term (100+ yr) production (Jarvie, 2012a). With respect to the pursuit of tight mudstone 
systems, although fractures may be present, they are usually healed with minerals such as calcite. For 
artificial fracturing, having a brittle rock typically with a high silica content is also very important.  
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Specifically, shale-gas resource systems considerably vary but do share some commonalities, e.g. marine 
shales with high total organic carbon (TOC) values, gas window thermal maturity, mixed organic-rich and 
organic-lean lithofacies, and brittle rock fabric (Jarvie, 2012a). Shale-oil resource systems are organic-rich 
mudstones that have generated oil that is stored in the organic-rich mudstone intervals or migrated into 
juxtaposed, continuous organic-lean intervals. Thus, these systems may include primary and secondary 
migrated oil (Jarvie, 2012b). Therefore, shales that are immature or mature both could store hydrocarbons. 
Mature shales can both generate and store indigenous hydrocarbons. By comparison, immature shales 
cannot generate hydrocarbons but they could store non-indigenous hydrocarbons mainly sorbed on 
organic matter. 
Here, the term "shale oil" needs to be clarified because it is interchangeable. Initially, it is also used for 
both crude oil produced from shales or other very low permeability formations and oil produced from oil 
shale rock fragments by pyrolysis, hydrogenation, or thermal dissolution. Therefore, for avoiding the risk 
of confusion of shale oil produced from oil shale with crude oil in oil-bearing shales, the International 
Energy Agency recommends to use the term "light tight oil" and World Energy Resources 2013 report by 
the World Energy Council uses the term "tight oil" for the latter (https://en.wikipedia.org/wiki/Shale_oil, 
2015). By comparison, shale oil is only referred as an unconventional oil produced from oil shale rock 
fragments by pyrolysis, hydrogenation, or thermal dissolution. These processes convert the organic matter 
within the rock (kerogen) into synthetic oil and gas. The resulting oil can be used immediately as a fuel or 
upgraded to meet refinery feedstock specifications by adding hydrogen and removing impurities such as 
sulfur and nitrogen. The refined products can be used for the same purposes as those derived from crude 
oil.  
There are two basic types of producible shale resource systems: gas- and oil-producing systems with 
overlap in the amount of gas versus oil. Dry gas resource systems produce almost exclusively methane, 
wet gas systems produce some liquids and oil systems produce some gas. These are commonly described 
as either shale gas or tight oil, depending on which product predominates production. Although industry 
parlance commonly describes these as ‘shale’ plays, the term is also used for mudstone. It is important, 
however, to view these as a petroleum system (Magoon and Dow, 1994), regardless of reservoir 
lithofacies or quality, because all the components and processes are applicable (Jarvie, 2012a). 
Assessed basins with and/or without resource estimate widely spread in the world, especially in North 
America, South America, Russia and South China (Fig.1.1; EIA, 2014). The identified shale oil resources 
are concentrated in five countries, i.e. Russia, the United States, China, Argentina, and Libya, ranked by 
technically recoverable shale oil resource; while shale gas resources are concentrated in six countries, i.e. 
China, Argentina, Algeria, the United States, Canada, and Mexico, ranked by technically recoverable 
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shale gas resources (EIA, 2014). Specifically, tight oil formations include the Bakken Shale, the Niobrara 
Formation, Barnett Shale, and the Eagle Ford Shale in the United States, R'Mah Formation in Syria, 
Sargelu Formation in the northern Persian Gulf region, Athel Formation in Oman, Bazhenov Formation 
and Achimov Formation of West Siberia in Russia, in Coober Pedy in Australia, Chicontepec Formation 
in Mexico, and the Vaca Muerta oil field in Argentina (https://en.wikipedia.org/wiki/Tight_oil, 2015). 
Currently (2015), the most productive sources of shale gas in the US include the Marcellus Formation, 
Haynesville Shale and Barnett Shale (https://en.wikipedia.org/wiki/Barnett_Shale, 2015). However, shale 
gas and tight oil are commercially produced by far in just four countries, i.e. the United States, Canada, 
China, and Argentina. Especially, the United States is the dominant producer of both shale gas and tight 
oil (Fig. 1.2; EIA, 2015).  
 
Figure 1.1 Basins with assessed shale oil and shale gas formations in the world (EIA, 2014). 
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Figure 1.2 Type of estimated natural gas and crude oil production in four countries, i.e. the United States, 
Canada, China and Argentina (EIA, 2014). China and Argentina's production of shale gas and tight oil 
were clarified on Feb.12, 2015, respectively. 
1.2 Lower Toarcian Posidonia Shale in NW-Europe 
At the start of the Jurassic Period, Greater Pangea was thought to be still relatively intact, although 
divergence along the Atlantic axis had already begun (Fig. 1.3). Throughout the Jurassic Period, various 
plates of the supercontinent began to rotate and move in different directions. As Laurasia drifted 
westward, the southern part of North America split from Gondwana, forming the Central Atlantic Ocean, 
a seaway connecting the Tethys and the Pacific (Panthalassic) Oceans. Jurassic source rocks account for 
more than 25% of the total estimated ultimate recovery of petroleum worldwide (Peters et al., 2005). 
Toarcian belongs to the early Jurassic (Fig. 1.4). Toarcian source rocks in Europe were believed to be 
deposited during a marine transgression and opening of a seaway linking the Arctic and Tethys oceans 
(Ziegler, 1988).  
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Figure 1.3 Paleogeographic reconstruction for the Pliensbachian–Toarcian period (Dera et al., 2009). 
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Figure 1.4 Lithostratigraphic sequence and biozones of the Jurassic and the Toarcian (After Jenkyns and 
Clayton, 1997; Pieńkowski et al., 2008). 
Lower Toarcian organic-rich shales (falciferum Zone) have outcrop and subcrop in north-east Britain, 
North Sea, Paris Basin, Aquitaine, Spain, northern and southern Germany, Switzerland, etc. (Riegraf et al., 
1984) (Fig. 1.5). The largest Jurassic outcrop areas are in the eastern Paris Basin, the French Jura 
Mountains and SE France, southern Germany and southern Poland. In the eastern and western Alps, 
northern Germany, and in the Czech Republic and Slovakia, outcrops are smaller and more scattered. In 
the other areas (Denmark, the Netherlands, much of northern Germany and Poland), the Jurassic is 
covered by younger sediments (up to several kilometres thick), but has been studied in boreholes, partly 
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due to its importance for the oil and gas (and other) industries (Pienkowski et al., 2008). All these areas 
were flooded by Early Jurassic epicontinental seas (Hallam, 1975). The organic-rich lower Toarcian 
sediments are known as Jet Rock in England, Schistes Cartons in France and Posidonienschiefer 
(Posidonia Shale) in Germany. The thickness of these facies is generally in the range of ca.5-30 m and the 
more organic-rich sediments are dark, millimetre-laminated, benthos-poor and contain carbonate and 
pyritic concretions (Bitterli, 1960; Raiswell, 1976; Kauffman, 1978; Morris, 1979a & 1980; Seilacher, 
1982; Riegraf, 1982; Riegraf et al., 1984; Jenkyns, 1985). The macrofauna mainly includes ammonites, 
belemnites, some bivalves of probable pseudoplanktonic lifestyle, fish scales and other vertebrate remains; 
whereas the microfauna includes ostracods, foraminifera and radiolarians. Typical fossils are illustrated in 
figure 1.6. Coccoliths, other calcareous nannofossils and dinoflagellates are locally abundant (Eisenack, 
1957; Muller and Blaschke, 1969; Grün et al., 1974; Kälin, 1980; Wille and Gocht, 1979; Wille, 1982). 
The interpretations on the palaeoecology of these facies were differing and controversial, which were 
exemplified by Kauffman (1978, 1981) and Seilacher (1982). The sediments are stratigraphically under- 
and overlain by non-bituminous argillaceous facies. In very general terms, the depositional context of 
these sediments is thought to have been an oxygen-depleted epicontinental sea of moderate depth (Hallam, 
1975). Küspert (1982) observed significant depletion in δ13C in carbonates and organic matter coinciding 
with the widest regional occurrence of bituminous rocks in Europe. 
 
Figure 1.5 Palaeogeographic maps for Toarcian sections in northwestern Europe. 
Land areas are shown in medium grey; Distribution of the organic-rich shale deposited in a shallow shelf 
sea across most parts of Central Europe and Western Europe in dark grey. 1, Wales, Mochras Farm 
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borehole; 2, England, Hawsker Bottoms; 3, Denmark, Bornholm; 4, Portugal, Porto de Mos; 5, Spain, 
Fuente de la Vidriera (Hesselbo et al., 2000). 
 
Figure 1.6 Typical fossils observed under SEM. 
(a) bositra buchi mass-occurrence: fibulatum-subzone, scale 5 mm; (b) Pseudomytiloides dubius and the 
inarticulate brachiopod Discina papyracea (white arrows) below the limestone bed ‘Inoceramenbank’, 
falciferum-subzone, scale: 1cm (Röhl et al., 2001). (c) pyrite framboid (F); (d) coccolith (C); (e) 
schizosphere (S) (SEM observation by Bour et al., 2007). 
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1.3 Three major sedimentary components of the Posidonia Shale 
Three major sedimentary components, i.e., original organic matter (OM*), carbonate (CAR) and silicate 
(SIL), before sulfate reduction (Equation 1, 2, 3, 4; Berner, 1984) occurred were calculated from TOC, 
TIC, and TS weight percent values according to Littke (1993).  
2CH2O + SO4
2-→ H2S+ 2HCO3
-
           (Equation 1) 
Fe
2+
 + H2S → FeS  + 2H
+
                      (Equation 2) 
H2S     →     S0                                   (Equation 3)  
                       FeS2   (Equation 4) 
OM* = Corg* · 100/COM                        (Equation 5)  
Corg* = TOC + 2 · TS · MC/MS,            (Equation 6) 
where Corg* (original organic carbon weight percentage), COM is the carbon content of primary Posidonia 
organic matter, and MC and MS are the molecular masses of carbon and sulfur, respectively.  
The carbon content of kerogen increases with maturity from 60 to 70% of slightly matured kerogen 
(Durand, 1980) to more than 90%. For the Posidonia Shale from northern Germany (Hils Syncline) 
Rullkötter et al. (1988) and Littke et al. (1991a) assumed values of 76% and 78% respectively, which they 
based on literature values published by van Krevelen (1961) (carbon content of 76% and 78% for vitrinite 
with VRr of 0.5% and 0.6%, respectively) and Ungerer et al. (1983) (carbon content of 76% for kerogen 
with VRr of 0.48%). Due to a similar kerogen carbon content for the Posidonia Shale, we used a value of 
78 for COM for the calculation in this thesis. 
Carbonate is calculated as  
CAR=TIC · MCAR/MC                               (Equation 7)  
assuming that calcite is the only carbonate phase; MCAR is the molecular mass of CaCO3.  
Silicate is calculated as 
SIL = 100 − (OM* + CAR)                       (Equation 8) 
Bacteria    + 
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1.4 Characteristics of palaeoredox conditions in shales 
Redox conditions are thought to play an important role in organic matter preservation in sedimentary 
rocks, but there is debate on oxygen levels (Küspert, 1982; Janicke, 1990; Jenkyns and Clayton, 1997; 
Lyons et al., 2009; Jenkyns, 2010; Kauffman, 1981; Littke et al., 1991b; Sundararaman et al., 1993; Röhl 
et al., 2001; Frimmel et al., 2004; Röhl and Schmid-Röhl, 2005; Bour et al., 2007). Classification of 
oxygen levels in the environment is controversial. Clearly, direct measurement of dissolved oxygen in the 
paleoenvironment is not possible. Here, we use the general values for classification.  In water (whether in 
water bodies or in sedimentary pore waters) dissolved free oxygen levels >1.0‰ (or 0.5‰) (parts per 
thousand, or per mil) correspond to oxic conditions, while those <0.1‰ correspond to anoxic conditions. 
Conditions related to intermediate values of oxygen concentration are generally described as dysoxic or 
suboxic.  When correlated to biological activity, the terms aerobic, anaerobic and dysaerobic are used, 
which correspond to well oxygenated, oxygen-starved and intermediate conditions (Killops and Killops, 
2005). 
In addition to the above redox conditions, the occurrence of anoxic, iron-rich (ferruginous) oceanic 
conditions, which had been often unrecognized, is also likely dominant throughout much of Earth’s 
history based on evidence currently provided by refined techniques (Poulton et al., 2004; Li et al., 2010; 
Poulton and Canfield, 2011; Yoshiya et al., 2015). The early ferruginous ocean was believed to exist prior 
to∼1.8 billion years ago, when sulfate (and thus H2S) was sparse, and from ∼0.7 to 0.54 billion years ago, 
when anoxia may once again have prevailed in the presence of high dissolved iron rather than H2S 
(Canfield et al. 2008; Lyons 2008). In fact, through much of the later Neoproterozoic (<742  6 Ma), 
deeper water masses were sometimes sulfidic but were mainly Fe
2+
 -enriched (Canfield et al. 2008). This 
study hence comprehensively analysed redox conditions based on both geological and geochemical 
indicators for the organic-rich Lower Toarcian shales from all sampling localities.  
1.4.1 Sedimentary indicators 
(1) Shales deposited in an oxygenated shallow marine environment are characterised by homogeneous, 
bioturbated sediment with abundant benthic body-fossils and common sideritic nodules, with a mixed 
assemblage of infaunal and epifaunal types. The infaunal bivalves are represented by both shallow and 
deep burrowing types (Morris, 1979b). This kind of shales is usually organic-poor with low TOC content 
and low HI.  
(2) Organic-rich shales with TOC contents >3 wt. % show a decrease in the diversity of the bivalves with 
abundant infaunal deposit-feeding (Demaison and Morris, 1980). Reducing conditions within the 
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sediments are believed to lead to a better preservation of organic matter and the reducing conditions 
probably have already approached the sediment water interface. 
(3) Bituminous shales (or mudstones) with laminae less than 1 mm and smooth, parallel contacts are most 
organic-rich rocks with high organic carbon contents (OʼBrien, 1990). Abundant pyritic calcareous 
concretions and the lack of infauna suggest that quiet reducing conditions extended up to sediment surface 
or even higher into the bottom waters.  
1.4.2 Relationships of total organic carbon versus total sulfur 
Hedges and Keil (1995) proposed a direct relationship between the weight percentages of total sulfur (TS; 
predominantly in pyrite) and TOC in modern, non-euxinic marine sediments accumulating below the 
diagenetically active surface horizon. The TOC/TS weight ratio in these normal marine sediments varies 
between about 1.5 and 5.0, with a mean near 2.8 (Hedges and Keil 1995; Lyons and Berner, 1992; Berner, 
1984; Berner and Raiswell, 1983). In contrast, sediments deposited under anoxic-sulfidic (euxinic) 
bottom-water conditions represented by the Black Sea exhibit a non-zero intercept (TS = 0.6 · TOC + 
1.14; Leventhal, 1983). 
1.4.3 Pyrite geochemistry 
Free hydrogen sulfide generated by sulfate reduction mainly by sulfate reducing bacteria (equation 1), 
reacts with reactive iron associated with detrital sediments and forms pyrite as in equation 2 (Berner, 
1970). The initial product of this reaction is supposed to be a series of metastable iron monosulfides which 
finally transform to pyrite (Berner, 1970). 
2CH2O + SO4
2-
 → H2S+ 2HCO3
- 
          (Equation 1) 
Fe
2+
 + H2S → FeS + 2H
+
                       (Equation 2) 
In order to assess the availability of reactive (towards dissolved sulfide) Fe in deep-basin Black Sea 
sediments and, consequently, the role of Fe limitation in pyrite formation, degree of pyritization (DOP) 
values were further proposed (Berner, 1970; Raiswell et al., 1988), which is a measure of the extent to 
which the original total reactive Fe has been transformed to pyrite and can be expressed as pyrite-Fe 
(Fepy)/ (pyrite-Fe + HCl-extractable Fe).  
However, Canfield (1989) argued that the Fe extracted during the DOP procedure did not accurately 
reflect the Fe reacting in marine systems.  Precise definition and efficient quantification of the reactive 
iron portion were challenged, particularly in many types of sediment only a portion of the total reactive 
iron pool converted to iron sulfide. The most highly reactive iron (FeHR) phases in sediments, dominantly 
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oxides and oxyhydroxides (Feox), are reactive toward H2S on time scales of only days to weeks or less 
(Canfield et al., 1992; Poulton et al., 2004). However, carbonate Fe (Fecarb) and magnetite (Femag) also 
react rapidly with dissolved sulfide. The sum of these pools therefore gives the total concentration of 
highly reactive Fe (FeHR = Fecarb + Feox + Femag + Fepy) (Poulton et al., 2004; Poulton and Canfield, 2011).  
Sediment with FeHR/ total Fe (FeT) ratio <0.38 was believed to be deposited under oxygenated water 
column condition. On the other hand, values exceeding this threshold are taken as indicative of deposition 
under anoxic conditions (Poulton and Raiswell 2002). Furthermore, the recent iron extraction scheme 
distinguished ferruginous condition from euxinic condition based on observations on the extent of highly 
reactive iron pyritization in Black Sea sediments. Fepy/FeHR ratio of 0.8 characterizes the upper limit of 
ferruginous deposition (Anderson and Raiswell, 2004). 
1.4.4 Petrographical characteristics 
Different associations of pyrite with iron were initially represented by size fractions: (1) 4-21µm size 
fraction mostly as framboidal and the earliest formed during diagenesis; (2) 21-63µm size fraction formed 
later and only on and within the layers of sheet silicate minerals (Canfield et al., 1992). On the other hand, 
as oxygen restriction intensifies the redox boundary may move above the sediment water interface into the 
bottom water column which creates suitable conditions for syngenetic pyrite formation (Wilkin et al., 
1997). Furthermore, the water-column, or syngenetic, contribution of reactive Fe yields high degrees of 
pyritization (DOP) values in contrast to diagenetic pyrite formed within the sediments (Canfield et al., 
1996; Raiswell and Canfield, 1998). 
Size distributions of framboidal pyrite in Holocene Black Sea sediments were thought to be correlated to 
the timing of a change from deposition under an oxic water column to deposition under an anoxic and 
sulfidic water column (Wilkin et al., 1997). It was found that in the most recent carbonate-rich sediments 
(Unit I) and in the organic carbon-rich sapropel (Unit II), framboid size distributions were remarkably 
uniform (mean diameter = 5 µm); over 95% of the framboids in Unit I and Unit II are < 7 µm in diameter. 
These properties of framboidal pyrite are thought to be consistent with framboid nucleation and growth 
within an anoxic and sufidic water column, followed by transport to the sediment-water interface, 
cessation of pyrite growth due to the exhaustion of reactive iron, and subsequent burial. The authors also 
pointed out that the organic carbon-poor sediments contain pyrite framboids that were generally much 
larger in size (mean diameter = 10 µm). This distribution of sizes suggests framboid nucleation and 
growth within anoxic sediment pore waters (Wilkin et al., 1997). 
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1.4.5 Redox-sensitive trace metals 
Some metals indicate the tendency to form insoluble phases under anoxic sulfidic conditions, which are 
possible to be used to evaluate redox conditions. For instance, sediments enriched in Mo, U, V, and Zn are 
supposed to be deposited under euxinic bottom waters according to Algeo and Maynard (2004). 
Furthermore, Brumsack (2006) also discovered some other new metals including Cd, Cu, Tl, Ni, and Sb. 
In particular, Molybdenum (Mo) is taken as one of the most efficient redox proxies except for many other 
redox-sensitive metals, since Mo is enriched in more reducing sediments, in the presence of free H2S 
(Crusius et al., 1996).  
1.4.6 Biomarker indicators 
Pr/Ph 
Pristane and phytane are mainly derived from a side chain of chlorophyll A in phototrophic organisms and 
bacteriochlorophyll A and B in purple sulfur bacteria (Powell and McKirdy, 1973; Brooks et al. 1969). 
However, reducing (anoxic) conditions are more conducive to cleavage of the phytyl side chain to 
generate phytane, whereas oxic conditions promote the conversion to pristane. In turn, Pr/Ph <1.0 was 
observed to imply more reducing (anoxic) conditions, particularly when accompanied by high sulfur 
contents and vanadyl porphyrins (Didyk et al., 1978; Sundararaman et al., 1993). Generally, very low 
Pr/Ph ratios are commonly associated with anoxic, hypersaline or carbonate environments, especially 
when Pr/Ph <0.8; Pr/Ph >3.0 indicates deposition of terrigenous plant material under oxic to suboxic 
conditions. Pr/Ph in the range between 0.8 and 3.0 should not be used without additional data (Peters et 
al., 2005). Conclusions on the oxicity of the environment of deposition from Pr/Ph ratios have to be 
supported by other geochemical and geological data, because (1) many biomolecules may contribute to 
ratios of Pr/Ph in addition to chlorophyll, such as unsaturated isoprenoids in zooplankton, higher animals, 
tocopherols and archaeal ether lipids; (2) co-elution with other isoprenoids can perturb Pr/Ph; (3) within 
the oil-generative window, Pr/Ph correlates weakly with depositional redox conditions (Peters et al., 
2005). 
Homohopane index 
High concentration of C35 homohopanes often expressed as homohopane index (C35/C31-35) are taken as an 
indicator of highly reducing (low Eh) marine conditions during deposition. High values indicate anoxia, 
but are also affected by thermal maturity (Peters and Moldowan, 1991; Peters et al., 2005). Source rocks 
that show high concentrations of C33, C34 and C35 homohopanes compared with lower homologs are 
thought to be associated with highly reducing (low Eh) marine depositional environments with no 
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available free oxygen (Peters et al., 2005). When free oxygen is available, the precursor 
bacteriohopanetetrol is oxidized to a C32 acid, followed either by loss of the carboxyl group to C31 or, if all 
oxygen is used, preservation of the C32 homolog. The latter is called suboxic or dysoxic, while the former 
may be oxic or suboxic, which depends on the amount of oxygen and its accessibility to the organic matter 
(Demaison et al., 1983). 
Isorenieratane 
When anoxic waters reach the photic zone within a water column, organisms requiring the specific 
conditions of both light and hydrogen sulfide can flourish. Green sulfur bacteria, i.e. Chlorobiaceae, only 
live under conditions of photic zone anoxia (PZA), producing the distinctive pigment, isorenieratene (and 
finally isorenieratane) (Koopmans et al., 1996a). Therefore, isorenieratene derivatives such as aryl 
isoprenoids can be taken as markers for photic zone anoxia. However, mere identification of aryl 
isoprenoids, without determination of their δ13C values, cannot be used to assess the presence of 
Chlorobiaceae, and, thus, photic zone anoxia in the depositional environment, since the aryl isoprenoids 
can be formed by C-C bond cleavage of both isorenieratane and β-isorenieratane, having different isotopic 
signatures. However, β-isorenieratane is not derived from β-isorenieratene biosynthesized by 
Chlorobiaceae, but from aromatisation of β-carotene. This was confirmed by laboratory aromatization of 
partially hydrogenated β-carotene, which yielded β-isorenieratane as the main product. Nevertheless, the 
δ13C value of isorenieratane is about 15‰ heavier than that of β-isorenieratane (Koopmans et al., 1996b).  
Additionally, long-chain aryl isoprenoids (C18-22) are commonly altered under oxic-suboxic conditions to 
short-chain aryl isoprenoids (C13-17). Therefore, they require more anoxic conditions to be preserved. C13-
17/C18-22 aryl isoprenoid ratio (AIR) can be used to evaluate redox conditions. On the other hand, the l-
alkyl-2,3,6-trimethylbenzenes (m/z=133) are usually more abundant than l-alkyl-3,4,5-trimethylbenzenes 
(m/z=134), whereas the latter are thought to favor anoxic conditions (Micelli Romero and Philp, 2012). 
Gammacerane index 
When values of gammacerane index are > 0.1, a stratified water column (Sinninghe-Damste et al., 1995) 
commonly resulting from hypersalinity was thought to prevail in the environment of deposition. 22S/ 
(22S+22R) homohopanes and Ts/ (Ts+Tm) ratios are also related to enhanced water salinity.  Although 
these two ratios increase with increasing thermal maturity, they also show higher values in many low-
mature hypersaline source rocks (Fan Pu et al., 1987; Ten Haven et al., 1986; Peters et al., 2005).  
Moretane/ hopane ratios decease with thermal maturity from 0.8 in immature bitumens to <0.15 in mature 
source rocks and oils to a minimum of 0.05 (Mackenzie et al., 1980; Seifert and Moldowan, 1980; Peters 
et al., 2005), while they also indicate higher values in hypersaline rocks (Rullkötter and Marzi, 1988). On 
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the other hand, the release of sulfurized hopanoids from the kerogen can also largely influence ratios of 
22S/ (22S+22R) rather than by isomerization during early maturation, which generally lowers the ratios in 
the low-mature source rocks with organic sulfur-rich carbonate-marlstone (Köster et al., 1997; Peters et 
al., 2005). 
1.5 Chapter overview 
1.5.1 Chapter 2: Organic facies variability in the Posidonia Black Shale from Luxembourg: 
Implications for thermal maturation and depositional environment 
Chapter 2 presents results of geochemical analysis carried out to investigate organic facies, thermal 
maturity and depositional environment of the Posidonia Black Shale from Luxembourg. A set of drilling 
core samples collected from one well in the Esch-sur-Alzette of southern Luxembourg were analyzed by 
elemental analysis, Rock-Eval Pyrolysis, organic petrography, GC-FID and GC-MS. Vertical geochemical 
variations of three biozones, i.e. bifrons, falciferum and tenuicostatum, were analysed in detail. Finally, a 
comparison to other Posidonia Shale profiles and oil/gas shales from North America was conducted. 
Results of chapter 2 were presented at the annual meeting of the Deutsche Mineralogische Gesellschaft & 
Geologische Vereinigung e.V. / Sediment (2013). 
This chapter was published as “Song, J., Littke, R., Maquil, R., Weniger, P., 2014. Organic facies 
variability in the Posidonia Black Shale from Luxembourg: Implications for thermal maturation and 
depositional environment. Palaeogeography, Palaeoclimatology, Palaeoecology 410, 316-336”. 
1.5.2 Chapter 3: Shale oil potential and thermal maturity of the Lower Toarcian Posidonia Shale 
in NW Europe 
Chapter 3 presents a series of geochemical analyses to evaluate shale oil potential and thermal maturity of 
the Posidonia Shale from four sampling localities covering a vast area including drilling cores from the 
Swabian Alb and Franconian Alb of Southwest-Germany and Loon op Zand well (LOZ-1) of the West 
Netherlands Basin (WNB) as well as outcrops from Runswick Bay of UK. Literature data of 
Wickensen/Wenzen of NW-Germany and the Esch-sur-Alzette of Luxembourg (LU) were frequently used 
for comparisons.  
This chapter was published as “Song, J., Littke, R., Weniger, P., Ostertag-Henning, C., Nelskamp, S., 
2015. Shale oil potential and thermal maturity of the Lower Toarcian Posidonia Shale in NW Europe. 
International Journal of Coal Geology 150-151, 127-153”. 
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1.5.3 Chapter 4: Organic geochemistry of the Lower Toarcian Posidonia Shale in NW Europe: 
Ferruginous vs. sulfidic redox conditions 
Chapter 4 presents organic geochemical results of the Posidonia Shale from six sampling localities 
including drilling cores from the Swabian Alb and Franconian Alb of Southwest-Germany, Wenzen of 
NW-Germany, Esch-sur-Alzette of Luxembourg (LU), Loon op Zand well (LOZ-1) of the West 
Netherlands Basin (WNB) and outcrops from Runswick Bay of UK. A series of aliphatic and aromatic 
biomarkers were analysed and compared to establish the depositional environment of the Posidonia Shale 
from the different sampling localities.  
Results of chapter 4 were presented at the international meeting on organic geochemistry (IMOG 2015) in 
Prague.  
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2 Organic facies variability in the Posidonia Black Shale from Luxembourg: 
Implications for thermal maturation and depositional environment  
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Abstract 
Posidonia Shale (Lias ε, Lower Toarcian, "Schiste bitumineux") samples were obtained from a well in 
southern Luxembourg (Esch-sur-Alzette). Elemental composition and organic facies were studied along 
the cores, and accordingly the thermal maturity and depositional environment were evaluated. The organic 
matter content is high with an average of 7.2%, ranging between 2.8% and 13.5%. The average vitrinite 
reflectance value is ca. 0.55%, indicating an early stage of oil generation. Several biomarker based 
maturity parameters support the low thermal maturity including OEP values and C29 5α, 14α, 17α (H)-
steranes 20S/(20S+20R). 
Rock-Eval data and microscopy observations reveal that the organic matter is composed of hydrogen-rich 
type II kerogen derived from alginite. Small algal bodies derived from nannoplankton predominate, but 
large telalginite (Tasmanales) also occurs. Pyrites are abundant and fish bones are frequently observed, 
characterizing a marine depositional environment where strong sulfate reduction occurred. Small amount 
of autochthonous vitrinite observed microscopically, combined with predominance of short-chain n-
alkanes over long-chain n-alkanes, as well as a low terrigenous/aquatic ratio (TAR), indicate a low input 
of terrigenous organic matter. Sterane distribution is in good agreement with an origin from a marine 
carbonate depositional environment which corresponds to the general marlstone lithology. Additionally, 
C30-24-propyl-14α(H), 17α(H)-cholestane (20R) was detected, supporting the marine origin.  
The depositional environment was strongly oxygen-depleted in bottom water, as indicated by low Pr/Ph 
ratios (less than1.0) and high sulfur content (ca. 3 wt.% on average) and sulfur/organic carbon ratios, with 
only few interruptions of dysoxic to suboxic conditions during deposition of the Posidonia Shale in 
Luxembourg. Gammacerane index reveals that a stratified water column existed and water salinity was 
slightly enhanced in the paleoenvironment. The highest C27/C29 sterane ratio due to more algal input 
indicates a maximum flooding during the upper falciferum zone of the Lower Toarcian in Luxembourg, 
which fits well to the global sea level curve and might correspond to a productivity-oceanic anoxic event 
(P-OAE). Furthermore, Toarcian greenhouse climate led to generally low oxygen concentration in bottom 
water of the shallow sea. 
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2.1 Introduction 
The Lower Toarcian black shale (Posidonia Shale, Lias ε, "Schiste bitumineux") has been a focus of 
scientific interest for more than 100 years, as a proven petroleum source rock, rich in organic matter and 
as a treasure keeping excellent remains of the Lower Jurassic Sea World (Röhl et al., 2001). In the Paris 
Basin, the Posidonia Shale (PS) reaches depths of more than 2000 m. It was subject of conventional 
petroleum exploration in the 1970s and recently became focus of exploration for unconventional shale oil 
(Tissot and Welte, 1984; Chatallier and Urban, 2010). Because of the widespread distribution and richness 
in organic matter, the Posidonia Shale (PS) is regarded as one of the potential oil and gas shales in Europe 
(Bruns et al., 2013). However, it still needs to be clarified what kind of shales could generate and store 
enough gas for industry production. Key parameters for shale gas and shale oil systems include thermal 
maturity, total organic carbon (TOC) content, organofacies type, mineralogical composition and 
petrophysical properties (Curtis, 2002; Bowker et al., 2003a; Jarvie et al., 2007; Horsfield et al., 2012).  
The Posidonia Shale belongs to the laminated, usually calcareous black-gray to gray-brown marlstones 
and argillaceous marlstones with high contents of TOC. The carbonate content is on average 40%, 
showing variation between 20 and 60% (Geyer et al., 2011). The Posidonia Shale mainly contains Type II 
kerogen, having a very high petroleum generation potential according to previous studies by Littke et al. 
(1988), Rullkötter et al. (1988) and Leythaeuser et al. (1988). Nevertheless, organic richness and facies are 
variable, both vertically and laterally to some extent (Littke, 1991a).  
Several depositional models for Lower Toarcian black shales have been proposed (Pompeckj, 1901, 
Jenkyns, 1985, Wignall, 1991). Sundararaman et al. (1993) proposed an upwards increasing oxygenation 
of the environment due to the presence of Ni- and VO
2+
- porphyrins in northern Germany. Röhl et al. 
(2001) reconstructed a time-averaged oxygen curve based on high-resolution geochemical, 
sedimentological and palaeoecological parameters. 4th-order sea-level cycles were proposed to explain the 
observed facies variability in Dotternhausen and Schesslitz, Southern Germany (Röhl and Schmid-Röhl, 
2005).  
In this paper, we present a detailed description and analysis of the organic facies of the Posidonia Shale in 
Luxembourg, as well as information on its thermal maturity and depositional environment based on a 
series of geochemical parameters. Results are put into a context of sea level fluctuation and depositional 
environment, and consequences for shale oil and shale gas exploration are discussed and compared to 
other Posidonia Shale profiles in Western Europe. 
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2.2 Geological background 
The Posidonia Shale, being divided into three ammonite-biozones (tenuicostatum, falciferum and bifrons 
in upward order) (Riegraf et al., 1984), belongs to the early Jurassic (Toarcian) and is mainly composed of 
fine-grained calcareous shales and marlstones with some interbedded thin limestones (Littke et al., 1991a). 
Samples for the present study originate from Luxembourg (Esch-sur-Alzette, well FR-210-006), located in 
the northeastern Paris Basin (Fig. 2.1), between the Ardennish-Rhenish Mountains and the Vosges. During 
the lower Jurassic the present-day Europe was located on the broad and extensive Laurussian continental 
shelf that opened to the deep Tethyan Ocean towards the southeast (Ziegler, 1982). The Posidonia Shale 
was assumed to be deposited under an anoxic or oxygen depleted environment (Littke et al., 1991a; 
Jenkyns et al., 1997; Jenkyns, 2010). Küspert (1982) observed significant depletion in 
13
C in carbonates 
and organic matter coinciding with the widest regional occurrence of bituminous rocks in Europe. Such a 
negative δ13Corg excursion (δ
13
Corg ca.-32‰ PDB) has been observed in Toarcian shales throughout 
Europe (Hollander et al., 1991; Hesselbo et al., 2000; Jenkyns, 2010). Janicke (1990) assumed that an 
anoxic deep water layer probably prevailed during deposition of the PS in the Paris Basin, with the 
evidence of the lack of bioturbation.  
 
Figure 2.1 Location of the studied well in Esch-sur-Alzette, Luxembourg. Black areas are Jurassic 
outcrops. Modified from Pienkowski (2008). 
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The studied Posidonia Shale in Luxembourg covers a sequence of about 33 m thickness, including the 
bifrons and falciferum ammonite biozones (Fig. 2.2). The upper 11 m of the sequence belong to the 
biozone of hildoceras bifrons; they are composed of black laminated mudstones with some calcareous 
interbeds that are vertically cracked and locally include small pyrite nodules. The biozone of harpoceras 
falciferum ranges from 11 m to 33 m. The upper section between 11 m and 16 m is composed of locally 
laminated argillite with small nodules of pyrite (> 0.1 vol.%) which showed signs of alteration (bleached, 
disintegration in the laboratory during drying). The bifrons and upper falciferum zones can be compared to 
the bituminous mudstone facies of the Posidonia shale of southern Germany (Röhl et al., 2001). The 
falciferum section between 16 m and 33 m is composed of laminated dark gray marlstones with local 
inclusions of pyritic nodules concentrated in fossil beds (belemnites) and isolated pyrite grains and 
pyritized fossils. Abundant Bositra buchi were observed. This section is an analog to the laminated oil 
shale facies of the Posidonia shale of southern Germany (Röhl et al., 2001). At a depth of 30.7 m a ca. 1 
cm thick layer of amorphous solid bitumen is observed (sample 10-1093). Sometimes granular gypsum is 
found, indicating transformation of pyrite and weathering. Littke et al. (1991d) could show that 
weathering affects pyrite to even a greater extent than organic matter; i.e. that fresh pyrites prove the 
presence of unweathered organic matter. At the bottom of the section (33.2 m) the border between the 
falciferum and tenuicostatum biozones is represented by a gray fossil sandy loam (Fig. 2.2). 
2.3 Samples and methods 
Sixty-seven samples were collected from the well FR-210-006 at Esch-sur-Alzette, Luxembourg. Samples 
were taken at about 50 cm intervals between 7 and 11 m depth and at ca. 30 cm distance from each other 
between 11 and 33 m depth (Fig. 2.2). Total organic carbon (TOC) and total inorganic carbon (TIC) 
contents were measured on all samples using a LECO multiphase C/H/H2O analyzer (RC-412) via IR 
absorption in a two-stage measurement process (TOC between 350 and 520 °C; TIC between 520 and 
1150 °C). CaCO3 was calculated from TIC values as:  
CaCO3=TIC · 8.333 (all inorganic carbons is assumed to be CaCO3).  
Total sulfur (TS) was measured for all 67 samples using a Leco S 200 sulfur analyzer. 
Twenty-seven samples were selected for Rock-Eval pyrolysis in vertical intervals between 0.3 and 1.5 m. 
Measurements were carried out with a DELSI INC Rock-Eval VI instrument according to guidelines 
published by Espitalié et al. (1985) and Lafargue et al. (1998). Ca. 100 mg powdered sample was used for 
samples with TOC ranging between 2 and 8%, while for TOC between 8 and 20%, 50mg of powder were 
pyrolyzed. 
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Figure 2.2 Stratigraphy and core description of the Lower Toarcian (Posidonia) shale of the FR-210-006 
well drilled in Esch-sur-Alzette, Luxembourg. Sedimentary components calculated after Littke et al. 
(1991a). 
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For microscopic analyses, whole-rock core samples were embedded in resin in an orientation 
perpendicular to bedding. Polished sections were prepared according to Littke et al. (2012). Organic 
petrographic analyses were carried out on a Zeiss Axio Imager microscope for incident light and included 
measurement of vitrinite reflectance and maceral analyses in reflected white light and in fluorescent mode. 
All procedures are described in detail in Sachse et al. (2012b). 
Ten samples were selected for molecular organic geochemical analysis using gas chromatography- flame 
ionization detection (GC-FID) and gas chromatography - mass spectrometry (GC-MS). Approximately 10 
g of powdered sample were extracted by ultrasonication with dichloromethane. Bitumen extracts were 
fractionated by liquid chromatography according to Schwarzbauer et al. (2000). GC-FID analysis was 
carried out for aliphatic hydrocarbons on a Fisons Instruments GC 8000 series equipped with split/splitless 
injector and a flame ionization detector and a Zebron ZB-1 capillary column (30m length, 0.25mm i.d., 
0.25µm film thickness). GC-MS analysis was performed on a Finnigan MAT 95 mass spectrometer linked 
to a Hewlett Packard Series II 5890 GC. All molecular ratios were calculated on the base of peak areas of 
specific ion chromatograms. Identification of compounds was based on a comparison of retention times 
with those of reference material or with mass spectral data bases and published spectra or published gas 
chromatographic elution orders. Analytical methods applied concerning GC-FID and GC-MS are 
described in detail by Sachse et al. (2011). 
2.4 Results  
2.4.1 Elemental analysis  
The average TOC content of the shales is about 7.2%, ranging from 2.8% to 13.5%. An exception 
represents a ca. 1 cm thick layer of solid bitumen (asphaltite) that occurs at a depth of 30.7 m with a TOC 
content of 60.8% (sample 10-1093). The TOC content of the bifrons zone ranges from 6.7 to 8.6 % 
(average 7.4%), which is typical for the bituminous mudstone facies, while TOC values of the falciferum 
zone exhibit larger variation, ranging from 2.8% to 13.5% (average 7.2%), indicating a mixture of the 
bituminous mudstone facies and laminated oil shale facies, especially in the lower falciferum between ca. 
24 m and 33 m depth. Total sulfur (TS) content values range between 1.9 and 4.9% with an average of 
2.7%, showing little variation. In addition, there is also a definite boundary at the depth of ca. 24 m, above 
which TOC values are stable, whereas below this depth TOC, TIC and TS values fluctuate frequently and 
largely (Table 2.1; Fig. 2.3a).  
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Figure 2.3 Plots of elemental composition and the three major sedimentary components from the 
Posidonia Shale in Luxembourg. (a) Plots of TOC, TIC and TS content of the Posidonia Shale in 
Luxembourg. (b) Triangular plot of the three major sedimentary components from the Posidonia Shale in 
Luxembourg. OM*: original organic matter before sulfate reduction; outlined areas represent 
composition of the Posidonia Shale from Germany reported by Littke et al. (1991a,c); dashed outline = 
Hils syncline (Wickensen) N Germany; solid outline = Swabian Alb, SW Germany. 
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From TOC, TIC, and TS values, three major sedimentary components before sulfate reduction occurred 
were calculated: 
- original organic matter (OM*), carbonate (CAR) and silicate (SIL). 
Original organic matter is calculated according to Littke et al. (1991a) as  
OM* = Corg* · 100/COM , with Corg* (original organic carbon weight percentage) = TOC + 2 · TS · MC/MS, 
where COM is the carbon content of primary Posidonia organic matter, and MC and MS are the molecular 
masses of carbon and sulfur, respectively. The carbon content of kerogen increases with maturity from 60-
70% of slightly matured kerogen (Durand, 1980) to more than 90%. For the Posidonia Shale from 
northern Germany (Hils Syncline) Rullkötter et al. (1988) and Littke et al. (1991a) assumed values of 76% 
and 78% respectively, which they based on literature values published by van Krevelen (1961) (carbon 
content of 76% and 78% for vitrinite with VRr of 0.5 % and 0.6%, respectively) and Ungerer et al. 1983 
(carbon content of 76% for kerogen with VRr of 0.48%). Assuming a similar kerogen carbon content for 
Posidonia Shale from Luxembourg, we used a value of 78% for COM for the calculation. Carbonate is 
calculated as CAR = TIC · 8.333, assuming that calcite is the only carbonate phase. Silicate is calculated 
as SIL = 100 - (OM* + CAR). The solid bitumen sample 10-1093 with very high TOC was excluded from 
calculation of average composition of sedimentary components. 
Silicate is the dominant sedimentary component of the Posidonia Shale in Luxembourg with an average 
content of 60% (ranging from 31 to 85 %). The calculated CaCO3 content ranges from 4 to 62%, with an 
average of 28%. The average carbonate content of the bifrons zone (14%) is significantly lower than that 
of the falciferum zone (29%) (Table 2.1). The calculated organic matter before sulfate reduction (OM*) 
ranges from 7 to 21% (average of 12%), showing no significant variation between the two biozones (Fig. 
2.3b). 
Table 2.1 Elemental analysis data of the Posidonia Shale in Luxembourg (see text for abbreviations). 
Sample 
Depth  
(m) 
Formation 
TOC 
(%) 
TIC 
(%) 
TC 
(%) 
TS 
(%) 
TOC 
/TS 
OM* 
(%) 
Carbonate 
(%) 
Silicate 
(%) 
10/1021 8.0 Bifrons 6.8 1.0 7.8 2.3 3.0 10.9 8.4 80.7 
10/1022 8.5 Bifrons 6.9 1.3 8.2 2.5 2.8 11.3 10.8 78.0 
10/1023 9.0 Bifrons 7.5 1.5 8.9 2.4 3.1 11.9 12.1 76.0 
10/1024 9.5 Bifrons 8.6 0.9 9.5 2.7 3.2 13.6 7.3 79.2 
10/1025 10.0 Bifrons 8.1 1.9 10.0 2.9 2.8 13.2 15.7 71.1 
10/1026 10.5 Bifrons 6.7 3.2 9.9 2.3 3.0 10.8 26.8 62.5 
10/1027 11.0 Falciferum (altered) 7.3 2.7 10.0 2.3 3.2 11.6 22.5 65.9 
10/1028 11.3 Falciferum (altered) 7.0 2.3 9.3 2.8 2.5 11.7 18.8 69.5 
10/1029 11.6 Falciferum (altered) 8.1 2.1 10.2 2.3 3.5 12.6 17.5 69.9 
10/1030 11.9 Falciferum (altered) 7.7 2.5 10.2 2.5 3.0 12.4 20.9 66.8 
10/1031 12.2 Falciferum (altered) 7.6 3.5 11.1 2.3 3.3 11.9 29.5 58.6 
10/1032 12.5 Falciferum (altered) 7.2 3.9 11.1 2.1 3.4 11.3 32.2 56.5 
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10/1033 12.8 Falciferum (altered) 8.3 4.0 12.3 2.5 3.4 13.0 33.1 53.9 
10/1035 13.4 Falciferum (altered) 9.4 3.7 13.1 2.5 3.7 14.5 31.0 54.5 
10/1036 13.7 Falciferum (altered) 9.0 4.1 13.1 2.9 3.1 14.4 34.0 51.7 
10/1038 14.3 Falciferum (altered) 7.9 3.5 11.4 2.6 3.1 12.6 29.1 58.3 
10/1039 14.6 Falciferum (altered) 7.4 3.6 11.0 2.4 3.1 11.8 29.6 58.6 
10/1040 14.9 Falciferum (altered) 6.1 3.5 9.5 2.1 2.9 9.8 28.8 61.4 
10/1041 15.2 Falciferum (altered) 4.3 3.5 7.8 2.2 1.9 7.7 29.2 63.1 
10/1042 15.5 Falciferum (altered) 5.4 3.4 8.7 1.9 2.8 8.8 28.0 63.2 
10/1043 15.8 Falciferum (altered) 4.8 4.1 8.9 1.9 2.5 8.0 34.0 58.0 
10/1047 17.0 Falciferum 4.9 3.1 8.0 2.3 2.1 8.5 25.8 65.6 
10/1048 17.3 Falciferum 6.5 2.8 9.4 2.4 2.7 10.6 23.5 65.9 
10/1049 17.6 Falciferum 5.8 3.4 9.2 2.4 2.5 9.8 28.3 62.0 
10/1050 17.9 Falciferum 7.2 2.2 9.4 2.2 3.3 11.3 18.4 70.3 
10/1051 18.2 Falciferum 6.4 2.8 9.2 2.4 2.6 10.5 23.5 66.0 
10/1052 18.5 Falciferum 6.1 3.6 8.9 1.9 3.2 9.6 30.4 60.0 
10/1054 19.1 Falciferum 7.8 2.7 10.4 2.4 3.2 12.3 22.3 65.5 
10/1055 19.4 Falciferum 8.0 3.4 11.4 2.1 3.7 12.3 28.3 59.4 
10/1057 20.0 Falciferum 5.7 3.0 8.8 2.2 2.6 9.5 25.4 65.1 
10/1058 20.3 Falciferum 8.0 2.0 9.9 2.4 3.4 12.5 16.3 71.2 
10/1060 20.9 Falciferum 5.6 3.6 9.3 2.0 2.8 9.1 30.4 60.5 
10/1062 21.5 Falciferum 7.3 3.3 10.6 2.5 2.9 11.8 27.8 60.5 
10/1064 22.1 Falciferum 6.5 2.9 9.4 2.4 2.7 10.6 24.5 64.9 
10/1065 22.4 Falciferum 4.6 2.2 6.8 2.7 1.7 8.5 18.4 73.1 
10/1066 22.7 Falciferum 3.9 2.6 6.5 2.8 1.4 7.7 21.4 70.9 
10/1068 23.3 Falciferum 7.2 3.6 10.8 2.2 3.2 11.3 30.0 58.6 
10/1069 23.6 Falciferum 6.9 6.0 12.9 2.0 3.4 10.8 49.9 39.4 
10/1070 23.9 Falciferum 7.1 2.9 9.9 2.5 2.9 11.4 23.9 64.7 
10/1071 24.2 Falciferum 10.9 5.2 16.1 3.6 3.0 17.5 43.1 39.4 
10/1072 24.5 Falciferum 9.3 2.2 11.5 3.0 3.1 14.8 18.6 66.6 
10/1073 24.8 Falciferum 9.6 3.2 12.8 3.3 2.9 15.4 27.0 57.6 
10/1074 25.1 Falciferum 5.5 4.2 9.7 2.3 2.4 9.2 35.2 55.6 
10/1075 25.4 Falciferum 4.6 4.0 8.6 2.2 2.1 8.0 33.7 58.3 
10/1076 25.7 Falciferum 4.0 4.0 8.0 2.2 1.8 7.3 33.4 59.3 
10/1077 26.0 Falciferum 7.0 4.4 11.4 2.4 2.9 11.3 37.0 51.7 
10/1078 26.3 Falciferum 6.4 6.0 12.4 2.6 2.5 10.7 49.7 39.6 
10/1079 26.6 Falciferum 7.1 6.5 13.6 2.4 3.0 11.4 54.3 34.4 
10/1080 26.9 Falciferum 3.9 5.0 8.9 2.9 1.4 7.8 41.8 50.4 
10/1081 27.2 Falciferum 5.5 5.2 10.7 3.5 1.6 10.4 43.1 46.5 
10/1082 27.5 Falciferum 8.7 6.4 15.1 2.3 3.7 13.4 53.3 33.3 
10/1083 27.8 Falciferum 9.3 5.9 15.2 2.7 3.5 14.4 49.1 36.5 
10/1084 28.1 Falciferum 8.0 3.6 11.6 3.0 2.7 13.1 30.1 56.9 
10/1085 28.4 Falciferum 2.8 2.7 5.5 3.4 0.8 6.8 22.5 70.7 
10/1087 29.0 Falciferum 9.0 5.8 14.8 2.7 3.4 14.2 48.0 37.9 
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10/1088 29.3 Falciferum 8.2 3.4 11.6 3.2 2.6 13.6 28.3 58.0 
10/1089 29.6 Falciferum 4.1 7.4 11.5 2.2 1.9 7.3 61.9 30.8 
10/1090 29.9 Falciferum 7.0 6.6 13.6 2.3 3.0 11.2 55.0 33.8 
10/1091 30.2 Falciferum 10.2 3.4 13.6 3.2 3.1 16.1 28.3 55.6 
10/1092 30.5 Falciferum 10.3 3.9 14.2 3.2 3.2 16.3 32.8 50.9 
10/1093* 30.7 Falciferum 60.8 0.1 60.9 2.5 24.2 80.4 1.2 18.5 
10/1094 30.8 Falciferum 9.8 2.3 12.0 3.3 3.0 15.7 19.0 65.3 
10/1095 31.1 Falciferum 8.6 3.2 11.8 3.2 2.7 14.1 26.4 59.5 
10/1096 31.4 Falciferum 8.9 2.4 11.3 3.0 3.0 14.3 19.6 66.1 
10/1097 31.7 Falciferum 8.8 2.7 11.5 n.d. n.d. n.d. 22.4 n.d. 
10/1098 32.0 Falciferum 13.5 1.8 15.4 4.1 3.3 21.3 15.1 63.5 
10/1099 32.3 Falciferum 8.9 1.4 10.3 3.8 2.4 15.1 11.7 73.3 
10/1100 32.6 Falciferum 10.4 0.8 11.1 4.9 2.1 18.0 6.4 75.6 
10/1101 32.9 Tenuicostatum 5.9 0.5 6.4 3.7 1.6 11.2 4.4 84.4 
10/1102 33.2 Tenuicostatum 5.4 0.8 6.3 3.7 1.5 10.6 6.8 82.6 
n.d. = not determined, * solid bitumen. 
2.4.2 Rock-Eval pyrolysis 
Rock-Eval pyrolysis is commonly used to evaluate the thermal maturity, quality and kerogen type of 
source rocks (Figs. 2.4-8; Espitalié et al., 1985; Lafargue et al., 1998). S1 values of PS from Luxembourg 
are mostly < 1 mg HC/g rock, with an average of 0.69 mg HC /g rock. Some samples of the laminated oil 
shale facies between ca. 24 and 32 m depth exhibit S1 values > 1 mg HC/g rock (up to 1.76 mg HC/g 
rock), indicating the presence of larger amounts of kerogen-derived bitumen. S2 values are generally > 10 
mg HC/g rock, ranging from 12.8 to 60.7 mg HC/g rock (average 39 mg HC/g rock), indicating excellent 
source potential. S3 values range from 0.8 to 2.5 mg CO2/g rock (average 1.5 mg CO2/g rock).  
From Rock-Eval data the following ratios were calculated (Table 2.2) to evaluate kerogen type, source 
rock quality and potential for petroleum generation and expulsion: 
Hydrogen Index    HI = 100 · S2/TOC [mg HC/g TOC] (Espitalié et al., 1977)  
Oxygen Index    OI = 100 · S3/TOC [mg CO2/g TOC] (Espitalié et al., 1977) 
Production Index   PI = S1/ (S1+S2) (Espitalié et al., 1977) 
Bitumen Index (Migration Index) BI = S1 · 100/TOC [mg HC/g TOC] (Killops et al., 1998, Jarvie 
and Baker, 1984) 
Terrigenous/Aquatic Ratio  TAR = S3/S2 
Relative Hydrocarbon Potential              RHP = (S1+S2)/TOC (Fang et al., 1993) 
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Hydrogen index (HI) values depend on the type and preservation of organic matter and, in turn, provide 
information on its quality. The kerogen type can be evaluated using a cross plot of hydrogen index vs. 
oxygen index and by a plot of the S2 vs. TOC (Langford and Blanc-Valleron, 1990). The slope of the 
regression line in the S2 vs. TOC plot gives a true average HI; furthermore, it provides information on 
presence of inert kerogen and/or the matrix effect (absorption of hydrocarbons on clay matrix) which 
would result in a positive x-axis intercept (Langford and Blanc-Valleron, 1990). For samples of the 
present study, which are all carbonate-rich, no significant matrix effect is observed. From the expected 
positive correlation between S2 and TOC an average HI of 552 mg HC/g TOC (576 mg HC/g TOC for 
falciferum) can be estimated (Fig. 2.6). HI values of the studied samples lie mostly between 400 and 700, 
with an average of 536 mg HC/g TOC, which is typical for type II kerogen (Fig. 2.4; Fig. 2.6). Samples of 
the upper section of the falciferum zone, which show signs of alteration, have lower HI values than bifrons 
or unaltered falciferum. Thus, the lower values of the altered falciferum samples might be attributed to 
weathering and degradation of the organic matter (Fig. 2.4-6). The lowest HI value (95 mg HC/g TOC) 
was measured for the solid bitumen sample (10-1093). Tmax values of the studied samples are generally 
lower than 430°C (ranging from 419 to 429°C with an average of 426°C), indicating that the samples are 
immature to early mature and did not reach peak oil generation, which is also supported by low values of 
the production index (PI) (Table 2.2). Using the equation 
VR (calculated) = (0.0180 · Tmax) -7.16 (Peters et al., 2005a, b) and the average Tmax of 426°C, a 
calculated vitrinite reflectance of 0.51 % results, which confirms the immature character of the Posidonia 
Shale from Luxembourg. 
Both S1 and S2 increase with increasing TOC values. Also, S1 and S2 show a strong positive correlation 
with each other (Fig. 2.7).The production index as well as the bitumen index (Table 2.2) increase with 
increasing depth in the falciferum zone, indicating a gradual (but small) increase in generated 
hydrocarbons (Fig. 2.8). This is not regarded as a maturity trend, because no strong increase in maturity 
can be expected over a depth interval of just 20 m. Instead, we assume that the lower values are due to a 
loss of S1 bitumen close to the surface, due to pressure decrease or water washing. 
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Figure 2.4 Rock-Eval HI vs. Tmax plot 
indicating that the Posidonia Shale from 
Luxembourg is dominated by immature type II 
kerogen. 
 
Figure 2.5 Rock-Eval HI vs. OI plot of the 
Posidonia Shale from Luxembourg. The shaded 
area indicates distribution of laminated 
Posidonia Shale from southern Germany (Röhl 
et al., 2001). 
 
Figure 2.6 Hydrogen index plot (S2 vs. TOC) indicating type II kerogen for Toarcian shales from 
Luxembourg. From the linear regression an average HI of 552 mg HC/g TOC can be estimated. 
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Figure 2.7 Correlation between S1 (free bitumen) and TOC and S2 of the Lower Toarcian shales from 
Luxembourg. 
 
Figure 2.8 Variation of production index (left) and bitumen index (right) with depth in the Lower Toarcian 
shales from Luxembourg. 
Table 2.2 Rock-Eval pyrolysis data of the Posidonia Shale in Luxembourg (see text for abbreviations). 
Sample 
Depth  
[m] 
TOC  S1 S2 S3 Tmax VRr HI OI PI BI 
[%] 
[mg/g 
rock] 
[mg/g 
rock] 
[mgCO2/
g rock] 
[°C] 
calculated*
% 
[mg 
HC/g 
TOC] 
[mg 
CO2/g 
TOC] 
S1/ 
(S1+S2) 
S1*100/ 
TOC 
1021 8.0 6.8 0.34 34.51 1.44 426 0.51 508 21 0.010 5.00 
1024 9.5 8.6 0.67 47.58 2.03 425 0.49 553 24 0.014 7.79 
1027 11.0 7.3 0.55 37.53 1.56 428 0.54 514 21 0.014 7.53 
1029 11.6 8.1 0.42 34.07 1.62 424 0.47 421 20 0.012 5.19 
1032 12.5 7.2 0.42 35.13 1.45 427 0.53 488 20 0.012 5.83 
1038 14.3 7.9 0.42 35.51 1.47 427 0.53 450 19 0.012 5.32 
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1039 14.6 7.4 0.38 34.57 1.46 429 0.56 467 20 0.011 5.14 
1040 14.9 6.1 0.48 33.81 1.37 427 0.53 554 22 0.014 7.87 
1042 15.5 5.4 0.33 27.29 1.26 428 0.54 505 23 0.012 6.11 
1047 17.0 4.9 0.40 28.15 1.14 429 0.56 575 23 0.014 8.16 
1050 17.9 7.2 0.59 37.51 1.29 427 0.53 521 18 0.016 8.22 
1052 18.5 6.1 0.49 35.30 1.12 428 0.54 579 18 0.014 8.03 
1057 20.0 5.7 0.57 37.20 1.22 426 0.51 653 21 0.015 10.00 
1062 21.5 7.3 0.81 41.92 1.56 427 0.53 574 21 0.019 11.10 
1068 23.3 7.2 0.90 47.92 1.52 428 0.54 666 21 0.018 12.50 
1070 23.9 7.1 0.68 42.23 1.32 425 0.49 595 19 0.016 9.58 
1072 24.5 9.3 1.37 60.71 1.78 427 0.53 653 19 0.022 14.73 
1077 26.0 7.0 0.87 41.97 1.56 429 0.56 600 22 0.020 12.43 
1082 27.5 8.7 1.15 48.67 2.02 424 0.47 559 23 0.023 13.22 
1084 28.1 8.0 0.84 44.12 1.42 427 0.53 551 18 0.019 10.50 
1085 28.4 2.8 0.23 12.76 0.97 427 0.53 456 35 0.018 8.21 
1087 29.0 9.0 0.91 47.25 1.77 425 0.49 525 20 0.019 10.11 
1090 29.9 7.0 0.87 40.82 1.70 427 0.53 583 24 0.021 12.43 
1097 31.7 8.8 1.29 53.36 1.67 423 0.45 606 19 0.024 14.66 
1101 32.9 5.9 0.48 33.23 1.00 422 0.44 563 17 0.014 8.14 
1102 33.2 5.4 0.34 22.30 0.83 419 0.38 413 15 0.015 6.30 
1093* 30.7 60.8 1.76 57.99 2.17 419 0.38 95 4 0.030 2.90 
Calculated* %VRr = 0.0180 × Tmax -7.16 (Peters et al., 2005a, b). * solid bitumen. 
2.4.3 Organic petrography 
The samples contained some autochthonous vitrinite particles allowing measurement of vitrinite 
reflectance. Microscopic observations display the presence of original (first generation) vitrinite, which is 
dark gray under incident light and also reworked vitrinite of higher reflectivity. Mean vitrinite reflectance 
(VRr) values vary between 0.43 and 0.65% with an average of 0.55% revealing an immature to early 
mature stage for the Posidonia Shale in Luxembourg (Table 2.3). This is in good agreement with 
calculated vitrinite reflectance based on Tmax values. Alginite was frequently observed with a high 
concentration (Fig. 2.9B, D, F). Large telalginite occurred partly in form of Tasmanite (Fig. 2.9F), which 
is typical for some marine oil shales including the Posidonia Shale (Littke et al., 1988). The aquatic 
character is also evident from abundant fish bones (Figs. 2.9C, E) as well as marine diatoms with siliceous 
cell walls (Fig. 2.9A). Some red oxidized components are attributed to slight weathering. Between some 
carbonate cements, fluorescing oil inclusions are present indicating an initial phase of oil generation. 
Additionally, no distinct laminations were observed for the studied samples, which reflect deposition in 
the relatively stagnant deep basin environment. The solid bitumen (Fig. 2.9G, H) layer at 30.7 m was 
soluble in dichloromethane and showed a reflectance of 0.25 %. It can be classified as asphaltite (glance 
pitch) according to Jacob (1989). The bitumen layer most likely represents a pre-oil solid bitumen. Such 
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bitumens are "early-generation products of rich source rocks, probably extruded from their sources as a 
very viscous fluid, and migrated the minimum distance necessary to reach fractures and voids in the rock" 
(Curiale, 1986). Using the formula by Jacobs (vitrinite reflectance = 0.618 · bitumen reflectance + 0.4), a 
vitrinite reflectance of 0.55 % can be calculated from the bitumen reflectance. A vitrinite reflectance of 
0.60-0.65 % was measured from the adjacent shale, which is supposed to be the source of the solid 
bitumen. 
 
Figure 2.9 Microscopic observations in reflected white light (A, C, E, G) and incident light fluorescence 
mode (B, D, F, H). A: marine diatom with siliceous cell wall; B: a high concentration of early mature 
alginites; C&E: abundant debris of fish bones indicating a condensed section; D: re-crystallized fossil 
with oil inclusions; F: Tasmanites and small lamalginites; G&H: thick solid bitumen layer. Note: Fresh 
pyrite in all reflected white light pictures indicating that samples are not significantly affected by 
weathering. 
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Table 2.3 Overview of vitrinite reflectance and geochemical parameters from gas chromatographic 
analysis of saturated hydrocarbons from the Posidonia Shale in Luxembourg (see text for abbreviations). 
Sample 
Depth  
(m) 
VRr 
(%) 
n- and iso- alkanes 
Pr/Ph Pr/nC17 Ph/nC18 
(Pr+Ph)/ 
 (nC17+nC18) 
nC17/nC27 CPI OEP 
10-1024 9.5  - 0.94 2.39 5.38 3.35 6.01 1.41 1.24 
10-1032 12.5 0.51 0.93 2.63 5.94 3.70 6.93 1.37 1.26 
10-1040 14.9 0.51 1.08 2.87 5.74 3.78 9.85 0.76 1.24 
10-1050 17.9 0.56 0.88 1.81 5.52 2.82 7.02 1.59 1.36 
10-1058 20.3 0.54 0.72 1.18 3.24 1.87 5.13 1.52 1.75 
10-1062 21.5 0.60 0.94 2.23 4.81 3.08 3.52 1.43 1.12 
10-1072 24.5 0.55 0.79 1.77 4.77 2.73 6.07 1.24 1.23 
10-1085 28.4 0.53 0.56 1.21 3.45 2.08 9.78 0.61 1.56 
10-1092 30.5 0.62 0.87 2.55 5.10 3.48 5.92 1.17 1.25 
10-1093 30.7 0.65 0.81 1.99 4.56 2.89 4.50 1.61 1.38 
10-1101 32.9 0.43 1.11 3.80 6.05 4.61 26.07 1.61 1.35 
 
2.4.4 Organic geochemistry 
2.4.4.1 Straight chain alkanes and isoprenoids 
Straight-chain alkanes range from nC10 to nC29 showing a unimodal distribution with a predominance of 
short-chain n-alkanes and a maximum between nC13 and nC17 (Fig. 2.10). n-alkanes of intermediate 
molecular weight (nC21-25), which are reported to originate from aquatic macrophytes (Ficken et al., 2000), 
show relatively lower concentrations than the short chain homologues. Odd-over-even predominance 
(OEP = nC21+6·nC23+nC25/4·nC22+4·nC24) values range between 1.12 and 1.75, reflecting the low thermal 
maturity (Table 2.3). Carbon preference index (CPI = (2(nC23+nC25++nC27+nC29)/ 
(nC22+2(nC24+nC26+nC28)+nC30)), Peters et al., 2005) varies between 0.61 and 1.61, showing low thermal 
maturity consistent with OEP. Furthermore, ratios of nC17/nC27 larger than 1 (3.52 to 26.07) and very low 
values (0.04 to 0.13) for the terrigenous/aquatic ratio (TAR = (nC27+nC29+nC31)/(nC15+nC17+nC19) 
(Bourbonniere and Meyers, 1996) suggest only minor terrigenous input. 
Acyclic isoprenoids are dominated by pristane and phytane; norpristane and farnesane are also abundant 
in all samples. Farnesane can be derived from farnesol, which occurs in the chlorophyll of green sulfur 
bacteria, e.g. Chlorobium (Holt et al., 1963). Pristane and phytane are generally more abundant than 
adjacent n-alkanes, showing significant predominance for most of the samples. Pr/Ph ratios vary between 
0.56 and 1.11; they slightly decrease with depth from the bifrons-falciferum contact and increase again at 
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the basal falciferum below 30 m depth. The ratios of Pr/nC17 vary between 1.18 and 3.8, while values of 
Ph/nC18 are much higher varying between 3.24 and 6.05.  
 
Figure 2.10 Gas chromatograms of the saturated fraction of the Lower Toarcian shales from 
Luxembourg. 
2.4.4.2 Steranes 
C27, C28 and C29 steranes were identified using characteristic mass chromatograms (Table 2.4, Fig. 2.11), 
which correspond to the exact m/z 372.7, 386.8 and 400.8, respectively. Sterane biomarker ratios were 
calculated by integration of individual peak areas using the m/z 217 mass chromatogram. The relative 
abundance of C27, C28 and C29 steranes is shown in Figure 2.12. According to peak area integration, the 
ratios of C29ααα 20S/(20S+20R) vary between 0.3 and 0.39, which is lower than the thermal equilibrium 
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value of 0.52-0.55 (Peters et al. 2005), and consistent with the low maturity indicated by petrographic and 
Rock-Eval pyrolysis data. The C27 diasteranes / (diasteranes + regular steranes) values range between 0.18 
and 0.29. Regular C29 steranes are more abundant than other steranes; C27/C29 ratios range from 0.59 to 
0.94 and C28/C29 ratios range from 0.45 to 0.69. Ratios of age related regular C28/C29 steranes are allocated 
between 0.4 and 0.7, coinciding with the data reported by Grantham and Wakefield (1988) for upper 
Paleozoic to Lower Jurassic oils (Table 2.6). 
 
Figure 2.11 Distribution of steranes and terpanes of the Posidonia Shale in Luxembourg, using m/z 217 
and m/z 191, respectively. Peak identification is presented in Table 4 and Table 5, respectively. 
2.4.4.3  Triterpanes 
Hopanes were identified using characteristic mass chromatograms and quantified by integration of peak 
areas using the m/z 191 chromatogram. Identified terpanes are exhibited in Fig. 2.11 and listed in Table 
2.5. The largest hopane peak in all samples is C30 hopane. From C31 homohopane onwards, the 
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homohopanes gradually decrease in abundance. C34-, C35-homohopanes are lacking or of very low 
abundance. Hopane concentrations of the bitumen sample 10-1093 are too low to be quantified.  
Table 2.4 Identified isomers of steranes and diasteranes measured using m/z 217 of the Posidonia Shale in 
Luxembourg. 
Peak 
No. 
Compound Configuration Formula Mass 
1 C27-13β(H), 17α(H)-diacholestane (20S) 27βα(20S) C27H48 372 
2 C27-13β(H), 17α(H)-diacholestane (20R) 27βα(20R) C27H48 372 
3 
C27-14α(H), 17α(H)-cholestane (20S)+ C28-24-
ethyl-13α(H), 17β(H)-diacholestane (20R) 
27ααα(20S)+ 
28αβ(20R) 
C27H48+ 
C28H50 
372+ 
386 
4 
C27-14β(H), 17β(H)-cholestane (20R)+ C29-24-
ethyl-13β(H), 17α(H)-diacholestane (20S) 
27αββ(20R)+ 
29βα(20S) 
C27H48+ 
C29H52  
372+ 
400 
5 C27-14β(H), 17β(H)-cholestane (20S) 27αββ(20S) C27H48 372 
6 C27-14α(H), 17α(H)-cholestane (20R) 27ααα(20R) C27H48 372 
7 C29-24-ethyl-13β(H), 17α(H)-diacholestane (20R) 29βα(20R) C29H52 400 
8 C28-24-methyl-14α(H), 17α(H)-cholestane (20S) 28ααα(20S) C28H50 386 
9 C28-24-methyl-14β(H), 17β(H)-cholestane (20R) 28αββ(20R) C28H50 386 
10 C28-24-methyl-14α(H), 17α(H)-cholestane (20R) 28ααα(20R) C28H50 386 
11 C29-24-ethyl-14α(H), 17α(H)-cholestane (20S) 29ααα(20S) C29H52 400 
12 C29-24-ethyl-14α(H), 17α(H)-cholestane (20R) 29ααα(20R) C29H52 400 
13 C30-24-propyl-14α(H), 17α(H)-cholestane (20R) 30ααα(20R) C30H54 414 
 
Table 2.5 Identified hopanes measured using m/z 191 of the Posidonia Shale in Luxembourg. 
Peak No. Compound Formula Mass 
Ts 18α (H)-22,29,30-trisnorneohopane C27H46 370 
Tm 17α (H)-22,29,30-trisnorhopane C27H46 370 
1 C30-17α(H), 21β(H)-hopane C30H52 412 
1’ C30-17β(H), 21α(H)-hopane (moretane) C30H52 412 
2 C31-17α(H), 21β(H)-homohopane C31H54 426 
2’ C31-17β(H), 21α(H)-homohopane C31H54 426 
G Gammacerane C30H52 412 
3 C32-17α (H), 21β(H)-bis homohopane C32H56 440 
4 C33-17α (H), 21β(H)-tris homohopane C33H58 454 
5 C34-17α (H), 21β(H)-tetrakis homohopane C34H60 468 
6 C35-17α(H), 21β(H)-pentakis homohopane C35H62 482 
 
High ratios of moretane/hopane (C30-17β(H), 21α(H)-hopane/ C30-17α(H), 21β(H)-hopane) were recorded,  
ranging from 0.36 to 0.68 (average of 0.5). The moretane/hopane ratio is reported to decrease with 
increasing maturity from ca. 0.8 in immature bitumen to <0.15 in mature source rocks and oils to a 
minimum of 0.05 in overmature samples (Mackenzie et al., 1980; Seifert and Moldowan, 1980). Thus the 
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values measured for the PS are in agreement with the low maturity indicated by other maturity parameters 
(Table 2.6). Trisnorneohopane ratios (Ts/Ts+Tm) range from 0.41 to 0.58 corresponding to high ratios of 
trisnorneohopane (Ts) /trisnorhopane (Tm). Such high ratios definitely contradict other maturation 
parameters, which indicate lower maturity of the source rock. Hence, high ratios of (Ts/Ts+Tm) are 
assumed to be influenced by depositional environment such as enhanced water salinity for the Posidonia 
Shale in Luxembourg. Gammacerane was detected, with gammacerane/ (gammacerane + C30-Hopane) 
indices of >0.1 but <0.3 for most of the samples. Gammacerane is often associated with hypersaline 
conditions and water stratification, especially if associated with low Pr/Ph ratio (Sinninghe Damsté et al., 
1995; Peters et al., 2005). Phytane dominance over pristane is believed to be an organic geochemical 
criterion for hypersalinity (ten Haven et al., 1987). Here, Pr/Ph ratios (<1.0) and fair values of 
gammacerane indices indicate a stratified water column and slightly enhanced water salinity for the 
depositional environment of the Posidonia Shale in Luxembourg.  
Table 2.6 Overview of biomarker ratios for the Posidonia Shale in Luxembourg. 
Sample 
Depth 
(m) 
Regular Steranes (%) C29ααα 
20S/ 
(20S+2
0R) 
C27 Dia / 
(Dia+Reg
) 
C30  
Moretane 
/Hopane 
Gamm/ 
(Gamm
+ 
C30-
Hopane) 
Ts/ 
(Ts+Tm
) C27 C28 C29 
C28/
C29 
C27/
C29 
10-1024 9.5 26.5 28.5 45.0 0.63 0.59 0.30 0.28 0.51 0.29 0.45 
10-1032 12.5 32.2 25.6 42.2 0.61 0.76 0.34 0.29 0.45 0.22 0.55 
10-1040 14.9 33.9 21.4 44.7 0.48 0.76 0.33 0.29 0.36 0.27 0.41 
10-1050 17.9 35.8 26.2 38.0 0.69 0.94 0.31 0.18 0.46 0.29 0.50 
10-1058 20.3 33.6 25.9 40.5 0.64 0.83 0.32 0.23 0.56 0.22 0.52 
10-1072 24.5 35.3 20.1 44.6 0.45 0.79 0.32 0.20 0.43 0.24 0.58 
10-1085 28.4 28.4 28.4 43.2 0.66 0.66 0.35 0.22 0.44 0.25 0.47 
10-1093 30.7 29.8 26.4 43.8 0.60 0.68 0.38 0.24 n.d. n.d. n.d. 
10-1101 32.9 31.1 26.5 42.3 0.63 0.74 0.39 0.21 0.68 0.47 0.47 
       n.d. = not determined 
2.5 Discussion 
2.5.1 Source and Maturity 
Microscopic observations show few original vitrinites but dominant alginites. The volume percentage of 
alginite is at about 15-20 vol.% (Fig. 2.9) corresponding to 7 wt.% TOC on average. Thus, almost all 
organic material is visible in the form of marine-derived aquatic organic matter with a minor terrestrial 
contribution. C30-24-propyl-14α(H), 17α(H)-cholestane (20R) was also detected by m/z 217, which is an 
important indicator for the organic matter origin, because the 24-n-propylchloestanes have, until now, 
only been identified in marine Chrysophyte algae (Moldowan et al., 1990). Terrestrial plants are 
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dominated by odd-numbered, long-chain lipids, which are the main components of waxes from higher 
land plants (Eglinton and Hamilton, 1967), especially nC27. Aquatic plants (macrophytes) show a high 
concentration of middle-chain n-alkanes, especially nC17 (Cranwell et al., 1987) or nC23 (Guenther, et al., 
2013). The n-alkane distribution is also known to be influenced by thermal maturity, e.g. nC23 increases 
relative to nC29 and nC31 in coals with increasing rank (Brooks and Smith, 1967). The high ratios of 
nC17/nC27 of the immature Posidonia Shale from Luxembourg and very low TAR values imply only minor 
land-plant input and major input from marine phytoplankton.  
According to the ternary diagram of the C27, C28 and C29 steranes of the Posidonia Shale from 
Luxembourg, the samples are located in the marine carbonate area (Fig. 2.12). Algae are the predominant 
primary producers of C27 steranes, while C29 steranes are more typically associated with land plants which, 
however, are not the only source (Volkman and Maxwell, 1986). Obviously, C29 steranes are always the 
most abundant regular steranes in the Posidonia Shale of Luxembourg. However, more abundant C29 
steranes than C27 steranes detected in the Posidonia Shale of Luxembourg does not represent a strong land 
plant input, but might be due to specific marine precursors such as brown and/or blue algae, which is in 
agreement with results from Posidonia Shale (Shistes Carton) of the northern Paris Basin (Katz, 1995). 
Similar distribution of variable C29 dominated steranes has also been reported for the Posidonia shales of 
NW Germany (Littke et al., 1991a) and for the type II kerogen of the Woodford Shale (Micelli Romero 
and Philp, 2012). 
CPI and OEP values significantly above 1 represent low thermal maturity (Peters et al., 2005a, b). This is 
also demonstrated by the clear predominance of the acyclic isoprenoids pristane and phytane, illustrated in 
the pristane/nC17 vs. phytane /nC18 diagram (Fig. 2.10, Fig. 2.14; Tissot et al., 1971, Hunt, 1996). The 
samples plot along the marine algal type II field, which is consistent with Rock-Eval data and petrographic 
observations. In addition, low C29 ααα 20S/(20S+20R) ratios also reflect the immature character of the 
Posidonia Shale in Luxembourg which is just at the onset of oil generation (Fig. 2.13).  
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Figure 2.12 Ternary diagram showing the relative abundances of C27, C28 and C29 regular steranes in 
the saturated hydrocarbon fractions of the PS in Luxembourg. Typical fields for various depositional 
environments after Peters et al. (2005). 
 
Figure 2.13 Sterane-based molecular maturity marker vs. vitrinite reflectance, indicating low maturity of 
the PS from Luxembourg. 
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Figure 2.14 Pristane/nC17 versus phytane/nC18 reflecting kerogen type, maturity, and depositional 
environment for the Posidonia Shale in Luxembourg. 
Hopane maturity parameter such as the Ts/(Ts+Tm) ratio contradicts the low thermal maturity of the 
Posidonia Shale from Luxembourg, which indicates that they are influenced by other factors, such as the 
depositional environment, and thus are not sensitive for evaluation of thermal maturity in the present 
study. Strong source dependence of the Ts/(Ts+Tm) hopane ratio has been reported previously for 
Posidonia Shale from  Germany (Seifert and Moldowan, 1978; Rullkötter and Marzi, 1988). Furthermore, 
bitumen from hypersaline source rocks has been reported to show high Ts/(Ts+Tm) ratios (Fan et al.,1987; 
Rullkötter and Marzi, 1988). Consequently, the relative high ratios of Ts/(Ts+Tm) for Posidonia shale 
samples from Luxembourg cannot be attributed to high maturity and most likely result from enhanced 
water salinity. Additionally, the moretane/hopane ratio, which is also frequently used as a thermal 
maturity parameter, was reported to be higher in bitumens from hypersaline rocks (Rullkötter and Marzi, 
1988) and to increase from transgressive to highstand systems tracts corresponding to an increasing input 
of terrigenous organic matter (Isaksen et al, 1995). Thus, the observed relatively higher abundance of C30-
17β(H), 21α(H)-hopane (moretane) in samples of the present study can be influenced by sea level 
variations and/or high water salinity, irrespective of the low maturity. 
2.5.2 Depositional environment 
High TOC and total sulfur (TS) concentrations in the studied zones are indicators for oxygen-depleted and 
anoxic depositional conditions. The relationship between organic carbon and sulfur for recent marine 
sediments with oxygenated bottom waters was described by an average trend of TOC = 2.8 · TS, 
indicating that organic carbon and pyritic sulfur are strongly coupled and positively correlated (Lyons and 
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Berner, 1992). In contrast, euxinic sediments of the Black Sea with anoxic, sulfidic bottom waters are 
described by a different relationship between TOC and TS which exhibits a non-zero intercept TS = 0.6 · 
TOC + 1.14 (Leventhal, 1983). While the trends for Black Sea sediments exhibit certain variation, they 
suggest that sulfate reduction and associated formation of pyrite could take place already in the water 
column and/or at the water/sediment interface. The positive linear trend between TOC and TS further 
demonstrates that sulfate reduction was not limited by the availability of reactive Fe or that the availability 
of Fe was coupled to the amount of organic carbon in the sediment (Lyons and Berner, 1992). TOC/TS 
ratio of the Posidonia Shale from Luxembourg is generally high (average 3) showing a positive correlation 
of both elements with a positive y-axis intercept between 0.6 and 1.7% of TS. The y-axis intercept 
increases from bifrons zone towards the falciferum zone, but the correlation is weaker in the falciferum 
zone, reflecting larger fluctuation of the TOC/TS relationship (Fig. 2.15). The TOC/TS relationship 
indicates that the depositional environment of the Posidonia Shale in Luxembourg was dominated by 
anoxic to euxinic bottom water conditions, especially in the falciferum zone, similar to those of the Black 
Sea. The fluctuations in the lower falciferum suggest that the anoxic conditions were not permanent but 
instead were intermittently interrupted by episodes of dysoxic to suboxic conditions.  
 
Figure 2.15 Total sulfur (TS) vs. TOC indicating environments of deposition of the Posidonia Shale in 
Luxembourg. 
The pristane/phytane ratio has frequently been applied as an indicator for paleoenvironmental redox 
conditions, salinity, and terrigenous input (Powell and McKirdy, 1973; Didyk et al., 1978; ten Haven et 
al., 1985). Pristane was generated under aerobic conditions, whereas phytane was related to anaerobic 
environment. Pr/Ph<1 reveals anoxic source-rock deposition, particularly when accompanied by high VO-
porphyrin and sulfur contents, while Pr/Ph>1 represents oxic depositional environments (Peters et al., 
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2005). However, pristane and phytane can also originate from thermal cleavage of isoprenoid moieties or 
other precursors (e.g. tocopherol), and thus they should not be used as indicators for anoxia in mature 
samples (Peters et al., 2005). For the Posidonia shale of Luxembourg values of Pr/Ph are mostly below 1 
implying a frequently anoxic depositional environment. Illustrated by a diagram of Pr/nC17 versus 
Ph/nC18, the samples roughly plot in the reducing field (Fig.2.14). Within the major part of the falciferum 
zone, Pr/Ph values are below one, whereas they are close to or slightly >1 in the lowermost and uppermost 
falciferum and in the bifrons zone. This pattern is different from the results of Pr/Ph > 1 for the Posidonia 
Shale in SW-Germany reported by Littke et al. (1991d, c), Frimmel et al. (2004), Schwark and Frimmel 
(2004) and Röhl et al. (2001), which are interpreted as more oxygenated conditions. Here, we propose that 
the Posidonia Shale in Luxembourg was supposed to be deposited in more anaerobic conditions. 
Nevertheless, as suggested by some values of Pr/Ph >1, the anoxic conditions were interrupted by short 
periods with oxygenated bottom water conditions. This is also supported by C33, C34 and C35 
homohopanes, which only occur at low concentrations (Fig. 2.11) in the PS of Luxembourg, whereas they 
tend to be more abundant in completely anoxic (low Eh) depositional environments (Peters et al., 2005). 
Furthermore, Pr/(Pr+Ph) increases with clay content, as measured by increasing concentrations of 
diasteranes, which parallels oxidative strength (Eh) of the water column during deposition of these rocks 
(Moldowan et al., 1986). 
The presence of photosynthetic green sulphur bacteria (Chlorobiaceae) indicates that anoxic conditions 
extended to the photic zone. Previous studies found that the presence of aryl isoprenoids associated with a 
13
C enriched carbon isotopic signature in oils suggests an origin from green sulfur bacteria 
(Chlorobiaceae) (Summons and Powell, 1986; Requejo et al. 1991; Lichtfouse et al., 1994; Koopmans et 
al., 1996; Schouten et al., 2000). Schwark and Frimmel (2004) used abundance and composition of aryl 
isoprenoids to evaluate variation of photic zone anoxia (PZA) in the Posidonia Shale from SW-Germany.  
Aryl isoprenoids were identified in samples of the present study. However, concentrations were too low 
for quantification. Additionally, high abundance of farnesane found in most samples can be indicative of 
green sulphur bacteria such as Chlorobium, which use farnesol instead of phytol as esterified alcohol in 
their bacteriochlorophyll (Holt et al., 1963; Summons and Powell, 1986). Similar high abundance of 
farnesane has also been reported for PS of SW-Germany by Frimmel et al. (2004). Nonetheless, 
contribution of acyclic isoprenoids such as pristane, phytane or farnesane from other sources than 
chlorophyll is possible (Summons and Powell, 1987; Peters et al., 2005) and further evidence is required 
to evaluate whether anoxic conditions extended to the photic zone during deposition of the Posidonia 
Shale from Luxembourg. 
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The relative hydrocarbon potential (RHP) obtained from Rock-Eval pyrolysis ((S1+S2)/TOC) was applied 
to evaluate fluctuations in oxygenation conditions in source rocks (Fang et al., 1993; Slatt and 
Abouseleiman, 2011; Abouelresh and Slatt, 2012; Slatt and Rodriguez, 2012; Micelli Romero and Philp, 
2012). An increase in RHP was related to a shift from oxic to anoxic conditions during times of 
transgression and decreasing RHP related to a shift from anoxic to oxic conditions during regression. 
From the relatively stable values of RHP of the Posidonia Shale in Luxembourg, the oxygen interruptions, 
in fact, are not expected to be significant, except for a sharp change at the bottom of the falciferum (Fig. 
2.16). 
 
Figure 2.16 Geochemical correlations to the depositional environment: Pr/Ph reflecting anoxic and oxic 
conditions; Steranes C27/C29 showing relative amount of algal source to higher plant inputs; RHP 
(relative hydrocarbon potential, (S1+S2)/TOC) corresponding to anoxic and oxic conditions; Rock-Eval 
TAR (S3/S2) representing terrigenous/aquatic ratio; Gammacerane indices related to hypersaline 
conditions (Moldowan et al., 1985; Peters et al., 2005). Global sea level curve in Dotternhausen is 
according to Haq et al. (1988) and Röhl et al. (2005). mfz: maximum flooding zone; CS: condensed 
section. 
Oxygen-depletion was also believed to be affected by high bottom water temperatures. Elevated seawater 
temperature associated with the transgression during falciferum could have promoted the development of 
the Early Toarcian oceanic anoxic event. Reconstructed seawater temperatures inferred from a significant 
decrease in δ18O values  (depletion of the 18O isotope) of fish teeth and belemnites indicate a temperature 
increase from 10-15°C during Pliensbachian to more than 30°C during the falciferum biozone of the 
Lower Toarcian, followed by a decrease to 20-25°C during the bifrons biozone (Dera et al., 2009). They 
also report a larger difference between surface and bottom water temperature for falciferum and bifrons 
than tenuicostatum or Pliensbachian, which would be consistent with the sea-level rise during Lower 
Toarcian. The maximum decrease of ~5.5‰  is recorded for pelagic fish from the Paris Basin and 
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belemnites from Yorkshire. The highest seawater paleotemperatures of 20~30 °C were calculated from 
δ18O values of the Early Toarcian succession of the Reinosa area (Basque-Cantabrian basin) and also 
reported for the serpentinus zone of the Lower Toarcian by Rosales (2004). Increasing water temperature 
can significantly reduce the oxygen solubility of seawater (Murray and Riley, 1969; Battino et al., 1983; 
Geng and Duan, 2010). A change in water temperature from 21°C to 32°C would result in a reduction of 
oxygen solubility by 17% assuming atmospheric pressure and a salinity of 36‰. For bottom water this 
temperature-related reduction is partly compensated by the higher pressure. From calculations by Geng 
and Duan (2010) it can be estimated that the reduction of oxygen solubility decreases from 1 bar to 25 bar 
by ca. 3% and from 1 bar to 100 bar by ca.5 % (assuming brine with 1 mol/kg NaCl) which would still 
leave a reduction of > 10% in oxygen solubility for bottom water.  
The expanded oxygen depletion in combination with transgression-related high productivity during the 
Early Toarcian oceanic anoxic event could contribute to the development of bottom water anoxia, causing 
extinctions of life in deep sea habitats and preservation of black shale as a productivity-oceanic anoxic 
event (P-OAE) (Erbacher et al., 1996; Jenkyns, 1980). P-OAE's are believed to correlate to the maximum 
flooding and hence regarded as sequence-stratigraphic markers in the pelagic realm for dating sea-level 
changes (Erbacher et al., 1996). 
Combination of biomarker information sensitive for variation in marine depositional environment can be 
used to evaluate changes in relative sea level, associated variation of anoxia and correlation to sequence 
stratigraphic systems tracts. For the Posidonia Shale of SW-Germany, the transgressive systems tract 
(TST) is located in the falciferum biozone and characterized by high C27/C29 ααα20R ratio, reflecting 
increasing relative abundance of algal derived OM (Frimmel et al., 2004; Schwark and Frimmel, 2004; 
Röhl and Schmid-Röhl, 2005). 
The maximum flooding zone (mfz) of the Posidonia Shale in SW-Germany is located at the border 
between the bifrons and falciferum biozone where two distinct condensed sections occur (Schwark and 
Frimmel, 2004). The mfz is characterized by maximum in C27/C29 sterane ratio and can be correlated with 
the global sea-level maximum reported by Haq et al. (1988) (Frimmel et al., 2004). For the Posidonia 
Shale in Luxembourg, these features were also observed (Fig. 2.16).  
The maximum flooding zone for the Posidonia Shale in Luxembourg is located below the base of the 
altered section of the upper falciferum biozone at ca. 15-18 m depth, where the C27/C29 sterane ratio has a 
maximum; while the Rock-Eval terrigenous/aquatic ratio (S3/S2) ratio is low, indicating less terrestrial 
input and more abundant algal organic matter. Additionally, petrographic analysis displayed abundant 
fishbone debris at the mfz which indicates the presence of a condensed section. Condensed sections are 
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typically formed during times of maximum flooding and show high concentrations of organic matter, 
radioactive elements (high API in gamma ray log) and diminished terrigenous sediment supply 
(Catuneanu, 2006). Condensed sections are not difficult to recognize in seismic lines, which makes it 
potentially more useful as a stratigraphic marker for basin-wide correlations.  
The geochemical parameters show specific trends that correlate with sequence stratigraphic systems tracts. 
The transgressive section between the base of falciferum and the mfz shows an increase in C27 sterane 
abundance and a decrease in Rock-Eval TAR and gammacerane abundance. Decrease of RHP, HI, OEP as 
well as increasing Pr/Ph, TAR and gammacerane abundance at the falciferum/tenuicostatum border 
corresponds to a lowstand systems tract of the tenuicostatum biozone, which would be consistent with the 
Posidonia shale in SW-Germany (Frimmel et al., 2004). The observed lithological change from black 
shale to sandy loam further indicates a lowstand systems tract. On the other hand, this observation is based 
on only one sample and should be confirmed with results from deeper wells that cover the whole 
tenuicostatum zone.  
2.6 Comparison to other Posidonia Shale profiles and oil/gas shales from 
North America 
Lower Toarcian black shales were deposited in a wide epicontinental sea which covered large parts of 
central and northern Europe. A comparison of the Posidonia Shale in the Eastern England, North Sea, 
Northwest Germany, Southwest Germany, Paris Basin and the Tethys realm was published by Littke et al. 
(1991a). A comparison of these data with the Posidonia Shale from Luxembourg is given in Table 2.7. In 
the NE Paris Basin in Luxembourg, Lower Toarcian shales (Schistes Carton) have an average thickness of 
33 m (bifrons + falciferum biozone), which is greater than that of the Posidonia Shale of SW-Germany (10 
- 12 m), but similar to the thickness of shales from the Hils syncline of NW-Germany (16-40 m) and the 
central Paris Basin (10 - 30 m) (Moldowan et al., 1985; Littke et al., 1991a, c; Röhl et al., 2001). While 
the Posidonia Shale in the Hils Syncline of NW-Germany ranges in maturity from immature (< 5% VRr) 
to overmature (> 1.3% VRr), the Posidonia Shale at the fringe of the Paris Basin in Luxembourg is 
immature to early mature. In the center of the Paris Basin, where the Posidonia Shale reaches a depth of > 
2000 m, it becomes a productive petroleum source rock. Immature source rock samples can be used to 
evaluate the original total organic carbon and hydrogen index values (Jarvie, 2012). For the Posidonia 
Shale from the Paris Basin, immature samples from Luxembourg of the present study have an average HI 
of 542 mg HC/g TOC. However, results reported by Hermoso et al. (2014) indicate lower maturity of the 
Posidonia Shale from outcrops near Bascharage, Luxembourg with an average HI of 600 mg HC/g TOC 
and Tmax values lower than 420°C. Mass balance calculation proposed by Jarvie (2012) yields an original 
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TOC (TOCo) of 5.8 wt.% , of which 3 wt.% (49 %) represent generative organic carbon (GOC), assuming 
a HIo of 600 mg HC/g TOC for the Posidonia Shale from the Paris Basin and average values for S1, S2 
and TOC from the present study (Fig.2.17). These values imply that the Posidonia Shale in the Paris Basin 
has a high petroleum generation potential, which, however, is only partly realized at few places of deep 
burial. This contradicts the situation in northern Germany, where maturation is much more advanced and 
the Posidonia Shale has currently reached the oil- or gas generation stage (Leythaeuser et al., 1988). 
 
Figure 2.17 Comparison of original total organic carbon content (TOCo) of various North American oil 
and gas shales with the Posidonia Shale from Paris Basin and Germany. GOC = generative organic 
carbon; NGOC = non-generative organic carbon; 1 = from Jarvie (2012a); 2 = calculated according to 
Jarvie (2012a) using Rock-Eval data from references in Table 2.7 and Table 2.8. 
The relatively stable anoxic to euxinic depositional environment was a key to the development of the 
homogeneous organic facies of the Posidonia Shale in Luxembourg; especially the stagnant bottom water 
ensured the excellent preservation of organic matter. Hermoso et al. (2014) report that the falciferum 
biozone of the Posidonia Shale from Luxembourg is characterized by a negative stable carbon isotope 
excursion of ca. 6 ‰ (δ13Ccarb), which is similar to results from the Posidonia Shale from SW-Germany 
(Röhl et al., 2001) and typical for shales associated with the Toarcian oceanic anoxic event (Jenkyns, 
2010).  A comparison of the Posidonia Shale from the Paris Basin with gas and oil shales from North 
America is provided in Table 2.8. The comparison shows that deposition under anoxic marine conditions 
associated with a transgressive or highstand systems tract is typical for organic-rich black shales. 
Lithological composition as well as amount and source rock characteristics of organic matter are variable 
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and show no clear trend for different shales: some of them are rich in silica whereas others, such as the 
Posidonia Shale are rich in carbonate. In terms of thickness, organic richness, lateral extent and organic 
matter quality, the Posidonia Shale is quite similar to some of the North American oil and gas shales. 
While features of the depositional environment such as high sea level and global anoxic events often result 
in the formation of organic-rich shales, lithologic composition as well as quantity and source rock quality 
of the organic matter are highly variable and seem to be controlled by regional, basin scale influences.  
Table 2.7 Regional comparisons of Toarcian black shales of Europe. 
Region 
Thickness 
(m) 
Lithology 
TOC (wt. 
%) 
Carbonate 
(wt. %) 
HI 
(mg/g 
TOC) 
Remarks Reference 
East England 
and North Sea 
10-13 shale 
5-15  
av.<11.4 
2-5 
300-
600 
limestone and shell 
beds 
Littke 1991a 
Northwest 
Germany 
16-40 
laminated 
shale and 
marlstone 
1 – 15 
av. 10 
35-61 
600-
700 
upper shale, lower 
marlstone units 
Rullkötter et al. 1988; Littke 
1991a 
Southwest 
Germany 
5-20 
shale and 
marlstone; 
partly 
laminated 
<1-14      
av. 6 
av.40 
500-
700 
δ 13C- excursion, 
widespread 
limestones, anoxic 
biomarkers 
Littke 1991a; Röhl et al., 
2001; Frimmel, 2003; 
Paris Basin 10-30 
shale-
marlstone 
1-11 
av. 7 
9 – 65 
av. 24 
500-
700 
homogeneous org. 
matter 
Tissot et al., 1971; Huc 
(1977), Mackenzie et al. 
1980; Hollander et al., 1991; 
Lichtfouse et al. 1994 
Luxembourg 
(Northeastern 
Paris Basin) 
33 
laminated 
shale, 
marlstone 
3-13.5   
av. 7 
4-62         
av. 28 
400-
700 
limestone, bottom 
sandy loam; δ 13C- 
excursion 
This study; Hermoso et al., 
2014 
Tethys 
 
8-80 
n.a. 
marlstone, 
laminated 
shale 
1-2 
av.1.3 
<50 
n.a. 
200-
500 
200-
300 
restricted basins in 
Greece and Italian 
Alps 
Littke 1991a; Baudin et al., 
1990 
n.a.= not available; av.=average
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Table 2.8 The Posidonia Shale in Luxembourg compared to North American oil and gas shales. 
Oil/gas shales Basin Str. Age Lithology 
Thick-
ness 
(m) 
TOC 
(%) 
Carbonate 
(%) 
Depositional 
environment 
Remarks 
HIo 
[mgHC/
gTOC] 
GOC 
(%) 
Reference 
Posidonia 
Shale, 
Luxembourg 
NE Paris 
Basin 
(110000 
km²) 
Early 
Jurassic 
laminated mudstones with 
some calcareous interbeds; 
pyrite nodules; granular 
gypsum; silt 
33 
3-14 
(avg. 
7) 
4-62 (avg. 
28) 
transgressive-
highstand systems tract 
anoxic (euxinic) to dysoxic 
conditions; high-salinity 
conditions; water density 
stratification; rich in 
carbonate; abundant pyrite; 
Toarcian OAE; negative 
carbon isotope excursion of-6 
‰ (δ13Ccarb) 
600* 49 
this study; Hermoso et 
al., 2014 
Woodford 
Shale, 
southeastern 
Oklahoma 
Anadarko 
Basin (ca. 
130000 
km²) 
Devonian 
siliceous mudrock, clayey 
mudrock, clayey, siliceous 
mudrock, organic-poor clayey 
mudrock 
15-
100 
5-15 
(avg. 
9) 
5-15 
(dolomite) 
transgressive systems 
tract (Lower and 
Middle Woodford) and 
highstand systems tract 
(Upper Woodford) 
anoxic to dysoxic conditions; 
photic zone anoxia (PZA); 
high-salinity; water density 
stratification 
556* 47 
Caldwell, 2011; Miceli 
Romero and Philp 2012; 
Jarvie, 2012a,b; Slatt 
and Rodriguez, 2012; 
Slatt, 2013 
 
Barnett 
Shale, Texas 
Fort 
Worth 
Basin 
(38100 
km²) 
Mississippia
n 
heterogeneous mudrock 
lithofacies: 1) black shale, 2) 
lime grainstone, 3) calcareous 
black shale, 4) dolomitic black 
shale, and 5) phosphatic black 
shale 
15-
305 
<1-10 
(avg. 
4) 
6 - 80 
(avg. 25) 
2nd order sea-level 
highstand (Osagean to 
Chesterian, 320-345 
Ma) 
deeper water, euxinic, foreland 
basin; below the storm-wave 
base 
434 37 
Rodriguez and Philp, 
2010; Jarvie et al., 2007; 
Loucks and Ruppel, 
2007; Montgomery et 
al., 2005; Klenzman, 
2009; Jarvie, 2012a,b 
Bakken 
Shale, 
northern US 
and Canada 
Williston 
Basin 
(520000 
km²) 
Devonian / 
Mississippia
n 
Organic-rich, dark gray to 
black, carbonaceous, pyritic 
shales (Lower and Upper 
Bakken Members)  light gray 
to tan, microcrystalline, silty, 
argillaceous dolomite with 
sandstone lenses, cement 
overgrowths and disseminated 
pyrite (Middle Bakken 
Member) 
1 - > 
43 
(avg. 
10) 
<1 - 
35 
(avg. 
15) 
0 - 91 
(avg. 7) 
transgressive offshore 
marine (Upper and 
Lower Bakken black 
shales); regressive 
offshore marine to 
tidal (Middle 
Bakken/Sappington 
Member) 
stratified water column; photic 
zone anoxia; productivity 
anoxic event 
680* 58 
Jarvie et al., 2011; Jin 
and Sonnenberg, 2012; 
Aderoju and Bend, 
2012; Wrolsen and 
Bend, 2012; Adiguezel, 
2012 
Eagle Ford 
Shale, Texas 
ca. 52000 
km² 
Late 
Cretaceous 
Massive or laminated 
mudrocks (argillaceous to  
calcareous, foraminiferal), 
wackestones, packstones; 
kaolinitic claystones; 
<15 - 
>150 
<1 - 
12 
(avg. 
4) 
9 - 90 
(avg. 57) 
transgressive systems 
tract (Lower Eagle 
Ford) to highstand 
systems tract (Upper 
Eagle Ford) 
Cenomanian/Turonian OAE, 
positive carbon isotope 
excursion of ca. 2‰ (δ13C 
Ccarb) 
868* 74 
Robinson et al., 1997; 
Cardneaux, 2010; 
Moran, 2012; Harbor, 
2011 
* calculated as average from samples with Tmax < 430°
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2.7 Conclusions 
The Lower Toarcian Posidonia Shale in Luxembourg is organic matter-rich and characterized by 
immature to early mature type II kerogen, representing a mix of predominant marine algae and small 
amounts of terrestrial organic matter. The sediments are transgressive to highstand calcareous organic-rich 
shales and marlstones with interbedded limestones. Sulfur is high with an average of ca. wt.3%. 
The depositional environment was anoxic to euxinic, possibly interrupted by periods with dysoxic to 
suboxic conditions. Oxygen-depletion is partially due to high bottom water temperatures, due to the 
Toarcian extreme greenhouse climate. Elevated seawater temperature associated with the transgression 
during falciferum promoted the development of the Early Toarcian oceanic anoxic event. 
A stratified water column and slightly enhanced water salinity prevailed during deposition of the 
Posidonia Shale in Luxembourg. Narrow ranges of both non-biomarker and biomarker ratios reflect that 
the depositional environment is stagnant. 
The maximum flooding zone, marked by a condensed section located in the upper falciferum biozone, is 
recognized, which could be the document of a productivity-oceanic anoxic event (P-OAE).  
Rock-Eval data from immature Posidonia Shale samples from Luxembourg provide information on the 
original hydrogen index and TOC, as well as the amount of generative organic carbon of Lower Toarcian 
shales in the Paris Basin. These values show similarities to productive oil/gas shales from North America 
such as Barnett, Woodford or Bakken Shale. 
Similarities of organic facies and depositional environment to other productive oil/gas shales can provide 
clues for oil/gas shale exploration in the Paris Basin, where shales reached higher thermal maturity at 
greater depth.  
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3 Shale oil potential and thermal maturity of the Lower Toarcian Posidonia 
Shale in NW Europe 
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3.1 Abstract 
A suite of drilling cores and outcrop samples of the Lower Toarcian Posidonia Shale (PS) were collected 
from multiple locations including the Swabian Alb and Franconian Alb of Southwest-Germany, Runswick 
Bay of UK and Loon op Zand well (LOZ-1) of the West Netherlands Basin. In order to assess the thermal 
maturity and quantify the petroleum generation potential of the rocks, elemental analysis, Rock-Eval 
pyrolysis, organic petrographic investigations and molecular hydrocarbon analyses were performed. 
Available literature data of the Posidonia Shale from Luxembourg and northwest Germany were used for 
comparison in the discussion. 
The Lower Toarcian Shale is more carbonate-rich (about 30 % on average) in SW-Germany, NW-
Germany and Luxembourg, and is instead more silicate-rich in UK and NL with carbonate contents of 
about 15% on average. This coincides with the relative distances of the depositional settings to the clastic 
source areas on the continents during the early Jurassic. However, HI values are similar, approx. 500-700 
mg HC/g TOC on average at all sampling localities, exhibiting typical type II kerogen with excellent 
hydrocarbon generation potential. Differences in relative abundance of terrigenous organic matter input 
are deduced from molecular indicators, Rock-Eval data and organic petrography. The highest abundance 
of terrigenous organic matter is evident for Runswick Bay, UK. 
Samples from outcrops of the Lower Toarcian Shale from Runswick Bay, UK, have reached the early 
stage of the oil window, with quite uniform Tmax values (425-438°C, avg. 433 °C) and a narrow range of 
PI (production index) values (0.10-0.19), substantiated by mature fluorescing characteristics of telalginite 
and lamalginite and vitrinite reflectance values of 0.6-0.7%. Wider ranges of Tmax values (421-443°C, avg. 
427°C), vitrinite reflectance (0.4-0.8%) and production indices (0.06-0.29) suggest more variable thermal 
maturation ranging from immature to almost peak oil generation at the LOZ-1 well, NL, although only 
some intervals indicate advanced thermal maturity there. In contrast, the Lower Toarcian marlstones from 
the Swabian and Franconian Alb of SW-Germany are clearly immature, similar to the samples from 
Luxembourg. In NW-Germany, the Posidonia Shale covers a wide spectrum of maturity ranging from 
immature to overmature. 
Source potential index (SPI) indicates the highest value in the LOZ-1, NL followed by Wickensen, NW-
Germany and Esch-sur-Alzette, LU, mainly due to differences in thickness of the studied sections. The 
lowest value was observed in SW-Germany. The Lower Toarcian (Jet Rock) in Runswick Bay, UK, is 
assumed to have a high shale oil potential because of its advanced thermal maturity, although its SPI is not 
high due to the limited thickness of the section studied. The PS in SW-Germany has low shale oil potential 
due to low thermal maturity and limited thickness.  
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3.2 Introduction 
Marine black shales have been studied for many years due to their capacity to generate and expel 
significant amounts of petroleum which may migrate into permeable reservoirs from where it can be 
produced. Assumptions on expulsion efficiency were mainly based on laboratory studies (Rullkötter et al., 
1988) or mass balances (e.g., Cooles et al., 1986), but did not take subsurface pressure and temperature 
conditions into account. Thus it was assumed that (1) only a small portion of the generated material 
remains in the source rock even at an early stage of oil generation, (2) substantial expulsion starts at an 
early maturation stage, and (3) the capacity of the source rock pores for the storage of hydrocarbons is 
soon exceeded (Rullkötter et al., 1988). However, as shale oil/gas production started to extend during the 
past decade, it became evident that black shales store significant proportions of the generated 
hydrocarbons, even in form of the more mobile gas. Porosity, permeability and sorption capacity of black 
shales seem to decrease from the immature to the peak oil generation stage and then to increase towards 
overmature stage due to secondary porosity (Mastalerz et al., 2013, Ghanizadeh et al., 2014, Gasparik et 
al., 2014). 
The Lower Toarcian Posidonia Shale (PS) has been studied in detail with respect to petroleum generation 
potential, especially in the area of the Hils syncline, northern Germany, where it occurs at various stages 
of maturation ranging from immature to overmature (Littke et al., 1988, 1991a; Rullkötter et al., 1988; 
Leythaeuser et al., 1988). In the last years the Toarcian Posidonia Shale attracts more exploration and 
research activities at multiple localities in NW Europe due to the fact that a large amount of shale oil has 
been produced from the Paris Basin (Chatallier and Urban, 2010) and due to its widespread occurrence 
(Fig. 3.1). The objective of this study was to improve the understanding of lateral variations of petroleum 
potential and maturity from the perspective of shale oil/gas exploration. To put the Toarcian Posidonia 
Shale into a broader regional context, multiple sampling locations were selected for comparison, namely 
the Swabian Alb (SA) and Franconian Alb (FA) of SW-Germany, Wenzen well (WEN) of NW-Germany, 
Runswick Bay of UK and Loon op Zand well (LOZ-1) of NL, respectively. In addition, literature data of 
the PS from Esch-sur-Alzette, Luxembourg (LU) (Song et al., 2014) and from the Hils syncline (e.g., 
Wickensen and Wenzen core), NW-Germany were incorporated into this study for comparison (Fig. 3.1). 
Variability in thickness, elemental composition, Rock-Eval pyrolysis data, organic petrography and data 
on the molecular composition of aliphatic hydrocarbons were investigated for these localities. Thus this 
study for the first time compares Posidonia Shale organic geochemistry and petrography over a wide area 
using a very large set of samples. This also leads to conclusions regarding petroleum generation potential 
and shale oil exploration. 
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3.3 Geological setting 
The Neotethyan shelf was located near the tropic of Cancer during the Early Jurassic. Present-day Europe 
was on the broad and extensive Laurussian continental shelf that opened towards the southeast into the 
deep Tethyan Ocean (Fig. 3.1). This shallow shelf area comprised various islands of variable sizes, 
submarine sills and deeper subbasins and represented the NW European seaway, connecting the arctic sea 
and the Neo-Tethys. In combination with global climate and ocean currents, the diversity of these 
topographical features led to (episodic) restriction of water circulation across the shallow shelf sea 
(Trabucho-Alexandre et al., 2012; Schwark and Frimmel, 2004; Ziegler, 1988; Murris, 1980).The 
resulting organic matter-rich Lower Toarcian Posidonia marlstones and shales are widely distributed in 
northwestern Europe.  
In Germany the stratigraphy of the Toarcian is divided into two lithostratigraphic units, Lias ε (i.e., 
Posidonia Shale) and Lias ζ (Geyer and Gwinner, 2011) (Fig. 3.2). Whereas the Lias ε (Posidonia Shale) is 
rich in organic carbon, the over- and underlying units have only low to moderate organic carbon content. 
The Jurassic sediments crop out in the hills of the Swabian  and the Franconian Alb and occur in the 
adjacent sedimentary basins of the molasse basin of the northern Alps and in the Upper Rhine rift basin. 
The two mountain chains (Albs) are geographically separated by the Ries impact crater which formed in 
the Miocene (Pienkowski et al., 2008). Based on a study of several shallow cores in the Swabian Alb, the 
Posidonia Shale reached the maturation level of onset of petroleum formation (Littke et al., 1991b). In 
northern Germany, the Posidonia Shale is widespread in the subsurface of the North German Basin acting 
as source rock for numerous oil fields including the largest German oil field Mittelplate (Rodon and 
Littke, 2005). Jurassic rocks crop out at the southern rim of the North German Basin, in particular in the 
Hils Syncline, where several shallow cores were recovering the entire Posidonia Shale section below 
several dozens of meters of Mid-Jurassic (Dogger) sedimentary rocks. In the Hils synlcline, maturity 
ranges from immature to overmature (Rullkötter et al., 1988). Here only immature samples from wells 
Wenzen and/or Wickensen are analyzed.  
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Figure 3.1 Sinemurian-Aalenian paleogeographic map modified after Littke et al. (1991a); NW European 
seaway during the early Jurassic is after Trabucho-Alexandre et al. (2012) and Hesselbo et al. (2000). 
The West Netherlands Basin is after Pieńkowski et al. (2008); the Cleveland Basin is after Powell (2010); 
the location of well LOZ-1, NL is according to Verreussel et al. (2013). Sampling locations: SA, Swabian 
Alb; FA, Franconian Alb; RW, Runswick Bay; LOZ-1, Loon op Zand well; EsA, Esch-sur-Alzette (Song et 
al., 2014); WIC, Wickensen well, NW-Germany (Littke et al., 1991a) and WEN, Wenzen well, NW-
Germany. Abbreviations: SP, Shetland Platform; GH, Grampian Highlands; PH, Pennine High; WH, 
Welsh High; AM, Armorican Massif; LBM, London-Brabant Massif; RM, Rhenish Massif; MC, Massif 
Central; F, Fuenen High; BM, Bohemian Massif; VH, Vindelician High; PB, Paris Basin; SGB, SW-
German Basin; CB, Cleveland Basin; DCG, Dutch Central Graben; WNB, West Netherlands Basin. 
In the UK, excellent coastal exposures of the Jurassic outcrops on the Yorkshire coast have attracted 
paleontologists, stratigraphers, sedimentologists and geochemists, using it as a natural geological 
laboratory. The studied outcrop of Runswick Bay in the Cleveland Basin is one of these locations (Fig. 
3.1). The Cleveland Basin was part of a system of shallow epicontinental seas and small extensional 
tectonic basins linked to the Central Graben via the Sole Pit Basin. Marine sedimentation was initiated 
during the Late Triassic, and a succession of marine silici-clastic mudstones accumulated during the Early 
Jurassic (French et al., 2014). The Mulgrave Shale Member, corresponding to the falciferum biozone of 
the PS, is subdivided into two units, i.e., Jet Rock and Bituminous Shales (Fig. 3.2). The Jet Rock is a 
fossiliferous, dark brown, laminated carbonaceous shale unit with limestone concretions. These shales are 
organic matter-rich and approach oil window maturity; the overlying Bituminous Shales and underlying 
Grey Shales show locally enhanced organic carbon contents, but generally lower values than the Jet Rock 
(Palliani et al., 2002).  
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Figure 3.2 Lithostratigraphic sequence and biozones of the Toarcian in Germany, UK and NL. After 
Geyer and Gwinner (2011), Jenkyns and Clayton (1997), Pieńkowski et al. (2008) Trabucho-Alexandre et 
al. (2012). 
The studied well LOZ-1 is situated in the West Netherlands Basin (WNB) which is in the NW–SE block-
faulted transtensional system comprising the Roer Valley Graben, the Central and West Netherlands 
Basins and the Broad Fourteens Basin (Verreussel et al., 2013; Pieńkowski et al., 2008; Fig. 3.1). The 
Posidonia Shale Formation (Fm) together with underlying Aalburg and overlying Werkendam Formation 
were formed by persistent deposition of fine-grained, siliciclastic, shallow marine sediments (Wong 2007; 
Fig. 3.2). The Posidonia Shale Fm is regarded as one of the main source rocks for oil in the Dutch 
subsurface (de Jager and Geluk, 2007). The top seals are various Jurassic shaly intervals. Additional 
source rocks exist in the Coevorden Fm in the Lower Saxony Basin, which generated the oil of the 
relatively large Schoonebeek field (de Jager and Geluk, 2007).  Thermal maturity of the Posidonia Shale 
Formation in the West Netherlands Basin was modelled to be mainly between 0.6 and 1.2 % vitrinite 
reflectance (Verreussel et al., 2013; van Bergen et al., 2013). However, locally maturity may be affected 
by magmatic activities which have been proven in the Dutch subsurface (van der Sijp, 1953; Dixon et al., 
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1981; Herngreen et al. 1991; Sissingh 2004). Intrusions, such as dykes and sills, have been found in 
several wells in the West Netherlands Basin including the well LOZ-1 where it penetrated the Altena 
Formation, about 100m below the base of the Posidonia Shale Formation. These intrusions are believed to 
be of Early Cretaceous age (Sissingh 2004). However, the (isotopic) ages are much debated. Another 
indication for magmatic activity in the Netherlands is the extrusive agglomerates that constitute the 
Zuidwal Volcanic Formation of the Vlieland Basin, approximately 170km from the studied well. It has 
been dated at 152±3, 145, and 144±1 Ma; the eruption center would therefore have been active during 
Oxfordian–Kimmeridgian or Kimmeridgian– Portlandian (Tithonian) times (Herngreen et al. 1991; 
Sissingh 2004). 
Three ammonite-biozones, i.e., tenuicostatum, falciferum and bifrons in ascending order are universally 
recognized to constitute the Lower Toarcian Posidonia Shale (Lias ). The overlying and underlying 
biozones are variabilis and spinatum, respectively (Riegraf et al., 1984; Jenkyns and Clayton, 1997; 
Hesselbo et al., 2000). Different nomenclatures of lithostratigraphic units of the Posidonia Shale formation 
are used at different localities of Europe, e.g., Jet Rock/Mulgrave Shale Member (NE England), Schistes 
Cartons (northern France) and Posidonienschiefer (Germany). Bivalve shells of bositra buchi are abundant 
at every location.  
3.4 Samples and methods 
3.4.1 Samples 
Twenty-two core samples covering the entire section of the PS formation from well 1020 were collected 
from the SA, SW-Germany, at a depth of 18.92 to 27.25m. Eight additional samples from adjacent wells 
were collected for comparison. Ten samples of the PS from a shallow core were gathered from the FA 
(well Schesslitz K3/85), SW-Germany. The PS section in the SA has a thickness of >10m (Littke et al 
1991b), whereas it is thinner and more variable in the FA probably due to its location at the margin of SW 
German Basin. Thicknesses of 2.1 m were reported by Arp et al. (2014) at Dörlbach due to its position on 
the “Altdorf High while a section of 10.5m was drilled and cored near Schesslitz (Röhl and Schmid-Röhl, 
2005).  
In order to comprehensively characterize the PS, some adjacent stratigraphic units including the 
underlying upper Pliensbachian (Lias δ) and the overlying uppermost Toarcian (Lias ζ) were also 
collected for comparison. Sixty-three core samples in total were gathered from the well LOZ-1, WNB of 
the Netherlands, at depths from 2458.0 to 2530.0m. During drilling operation in several clay-rich intervals 
including 2485.5-2493.5m and 2515-2516.5m, diesel was added to the drilling fluid (www.nlog.nl, 2015). 
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The PS Formation is much thicker (about 50 m) than in SW-Germany. Forty-four of these samples cover 
the entire PS Formation, and others are from the underlying Aalburg and overlying Werkendam 
Formation. A total of 48 outcrop samples of the PS were collected from two locations at Runswick Bay, 
Cleveland Basin, UK. These samples are distributed across the whole thickness of 11 m and cover the 
whole section of the most organic matter-rich Jet Rock and some of the overlying Bituminous Shales and 
underlying Grey Shales. Additionally, seventeen samples of the PS were collected from Wenzen, Hils 
Syncline, NW-Germany for comparison. Published data of the PS from the Esch-sur-Alzette well, 
Luxembourg by Song et al. (2014) and Wickensen well, Hils Syncline, NW Germany (Littke et al., 1991a) 
are used for comparison in this paper. 
3.4.2 Bulk elemental compositions 
Total organic carbon (TOC) and total inorganic carbon (TIC) contents were measured on all samples from 
the SA and FA of SW-Germany, Runswick Bay of UK, LOZ-1 of NL (Table 3.1) using a temperature 
ramp method, without previous acidification, in a liquiTOC II analyzer which enables a direct 
determination of TOC and TIC. Aliquots of approx. 100 mg of rock powder were heated (300°C/min) and 
held at 550°C for 600 sduring which the TOC peak was recorded. The temperature was then raised to 
1000°C and held for 400 sduring which the TIC was recorded. The released CO2 at every heating stage 
was measured with a non-dispersive infra-red detector (NDIR) (detection limit 10 ppm; TOC error 0.6%; 
TIC error 1.7%). The CaCO3 content was calculated, assuming that most of the inorganic carbon (TIC) is 
locked in calcite, using the formula CaCO3 = TIC · 8.333. In advance of this study TOC results measured 
by the liquiTOC II analyzer were compared to those from the more traditional LECO analytical system 
and a very good correlation was established. Total sulfur (TS) content was measured in all samples using a 
Leco S200 analyzer (detection limit 20 ppm; error < 5%). 
3.4.3 Rock-Eval pyrolysis 
Selected samples covering the entire section for each locality were analyzed by Rock-Eval pyrolysis 
performed with a DELSI INC Rock-Eval VI instrument according to guidelines published by Espitalié et 
al. (1985) and Lafargue et al. (1998). About 100 mg of powdered sample were used for TOC contents 
ranging between 2 and 8%, whereas 50 mg were used for those between 8 and 20%. 
3.4.4 Organic petrography 
Whole-rock core samples were embedded in resin in an orientation perpendicular to bedding for 
microscopic analyses, prepared according to Littke et al. (2012). Organic petrographic analyses were 
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carried out on a Zeiss Axio Imager microscope for measurement of vitrinite reflectance (VRr) and maceral 
analyses in reflected white light and incident light fluorescence mode. 
3.4.5 Gas chromatography-flame ionization detector (GC-FID) 
Approx. 10 g of each powdered sample were extracted by ultra-sonication with 40 ml dichloromethane. 
Polarity chromatography induced fractionation was performed over a fused silica packed baker bond 
column into three fractions using 5 ml pentane for the aliphatic hydrocarbons, 5 ml pentane/DCM (40:60) 
for the aromatic hydrocarbons and 5 ml methanol for the resins and asphaltenes. GC-FID analysis was 
carried out for the saturated fraction on a Fisons Instruments GC 8000 series equipped with split/splitless 
injector and a flame ionization detector using a Zebron ZB-1 capillary column (30m length, 0.25mm i.d., 
0.25µm film thickness). Chromatographic conditions were: 1 µL split-splitless injection with a splitless 
time of 60s; temperature program: 80 °C for 5 min, then programmed at 5 °C /min to 300 °C and held for 
20 min. 
3.5 Results 
3.5.1 Elemental analysis 
TOC contents of the PS samples from the SA exhibit a wide range from 0.67 to 12.6% with an average of 
6.29%, which are in agreement with the Lower Toarcian shales of Dotternhausen outcrop, SA (0.2-16%, 
6.2% on average by Röhl and Schmid-Röhl, 2005, see Littke et al., 1991b). In the FA, the samples are 
more organic matter-rich, with TOC contents between 5.70 and 18.4%, 10.1% on average. Sulfur contents 
(TS) of the PS from the SA show a wide range between 0.29 and 6.57% with an average of 3.11%, similar 
to the average of 3.26% in the FA which are varying between 2.2 and 4.51%. TIC values are high varying 
between 1.06 and 11.5% with an average of 3.99% in the SA, while the values range from 2.03 to 7.11% 
with an average of 4.46% in the FA. The same trends are reflected in calculated carbonate contents based 
on TIC values assuming that calcite is the only carbonate phase. The average value is 33.2%, but with a 
large range between 8.83 and 96.0% in the SA, while in the FA the average value is 38.7% with a range 
from 16.9 to 59.2% (Table 3.1). Those samples of Lias δ and Lias ζ from the SA exhibit much lower TOC 
and sulfur contents (Fig. 3.3). In the Hils Syncline, northern Germany, Posidonia Shale has a thickness of 
27 to 40 m and TOC contents are close to 10 % in the immature Wickensen well, close to the values of the 
FA. Carbonate and sulfur contents are slightly higher than in southern Germany (Fig. 3.4, Rullkötter et al., 
1988, Littke et al., 1991a). 
A section with high TOC contents is present in the middle of the PS formation in Runswick Bay, UK. The 
average TOC content is 6.48%, similar to the other localities. At this locality the sulfur contents are very 
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high with an average of 5.47%, ranging between 1.68 and 7.91%; in contrast, the TIC contents are 
relatively low with an average of only 1.13%, varying between 0.33 and 9.57%. The low TIC contents 
consequently result in low carbonate contents with an average of only 11.44%, except for two exceptions 
of 70-80% which correspond to the observed carbonate concretions in outcrops. 
 
Figure 3.3 Plots of TOC, TS and Carbonate vs. depth for the Lower Toarcian shales and marlstones from 
the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL. Stratigraphy columns and 
δ13Corg data of the studied sections are after Röhl et al. (2001), Röhl and Schmid-Röhl (2005), Hesselbo 
and Pienkowski (2011), Kemp et al. (2005) and Verreussel et al. (2013), respectively. 
In well LOZ-1 of the WNB, NL, the TOC contents of the PS vary between 2.40 and 17.7%, with an 
average of 8.69%. The TS values range from 0.37 to 6.02% with an average of 3.62%. The TIC contents 
are similar to those of the PS of Runswick Bay, ranging between 0.40 and 5.31%, 1.84% on average 
resulting in carbonate contents of 3.31-44.3%, 15.3% on average. In addition, the Aalburg and 
Werkendam formations show lower values of TOC and TS as well as lower TIC and carbonate contents. 
In sum, all PS profiles are rich in organic carbon. However, carbonate contents are much higher in the 
profiles from Germany and Luxembourg, whereas sulfur is clearly enriched in the more silicate-dominated 
profiles from UK and to a lesser extent in the Netherlands (Fig. 3.4; Table 3.1). 
 
 
 
60 
 
 
Table 3.1 Elemental composition and the calculated three major primary sedimentary components of the 
Posidonia Shale from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as 
Wenzen of NW-Germany. 
Locality 
Sample 
No. 
Type Well No. Formation 
Depth 
(m) 
TOC 
(wt.%) 
TIC 
(wt.%) 
TC 
(wt.%) 
TS 
(wt.%) 
TOC 
/TS 
Three Major Sedimentary Components 
OM* 
(wt.%) 
Carbonate 
(wt.%) 
Silicate 
(wt.%) 
SA, SW-Germany 
12/1654 core 1020 Lias ζ 15.50 0.61 2.73 3.34 0.25 2.45 1.02 22.76 76.22 
12/1655 core 1020 Lias ζ 16.50 0.50 2.91 3.41 0.52 0.96 1.14 24.26 74.60 
12/1656 core 1020 Lias ζ 17.28 0.55 4.34 4.88 0.62 0.88 1.30 36.13 62.58 
12/1658 core 1020 Lias ζ 18.17 0.31 6.06 6.37 0.39 0.80 0.77 50.48 48.75 
12/1659 core 1020 Lias ζ 18.70 0.39 5.83 6.22 0.32 1.23 0.81 48.58 50.61 
12/1660 core 1020 Lias ε (PS) 18.92 1.07 10.38 11.45 1.84 0.58 3.14 86.53 10.33 
12/1661 core 1020 Lias ε (PS) 19.14 6.24 1.78 8.02 6.57 0.95 14.32 14.82 70.86 
12/1662 core 1020 Lias ε (PS) 19.40 5.33 4.31 9.64 2.10 2.54 8.86 35.88 55.27 
12/1663 core 1020 Lias ε (PS) 19.88 7.55 2.71 10.26 2.58 2.93 12.16 22.57 65.27 
12/1664 core 1020 Lias ε (PS) 20.41 10.13 3.95 14.08 2.71 3.74 15.59 32.91 51.50 
12/1665 core 1020 Lias ε (PS) 21.30 1.97 9.35 11.32 3.49 0.56 5.88 77.96 16.17 
12/1666 core 1020 Lias ε (PS) 21.56 9.32 3.58 12.90 3.36 2.77 15.18 29.80 55.01 
12/1667 core 1020 Lias ε (PS) 21.94 8.68 2.40 11.08 4.00 2.17 14.97 20.02 65.00 
12/1668 core 1020 Lias ε (PS) 22.05 12.55 4.14 16.68 2.99 4.20 18.96 34.46 46.57 
12/1669 core 1020 Lias ε (PS) 22.36 11.14 2.01 13.15 4.02 2.77 18.15 16.79 65.07 
12/1670 core 1020 Lias ε (PS) 22.68 2.40 8.53 10.93 4.91 0.49 7.79 71.10 21.10 
12/1671 core 1020 Lias ε (PS) 22.73 8.42 3.25 11.67 3.36 2.51 14.03 27.07 58.89 
12/1672 core 1020 Lias ε (PS) 22.97 10.84 3.07 13.91 3.23 3.36 17.00 25.62 57.38 
12/1674 core 1020 Lias ε (PS) 23.66 0.67 11.52 12.19 0.29 2.32 1.14 95.97 2.89 
12/1675 core 1020 Lias ε (PS) 24.30 7.58 1.06 8.64 3.94 1.92 13.51 8.83 77.66 
12/1676 core 1020 Lias ε (PS) 24.75 8.53 1.13 9.66 3.60 2.37 14.39 9.41 76.19 
12/1677 core 1020 Lias ε (PS) 25.13 6.97 1.09 8.06 3.93 1.77 12.72 9.06 78.22 
12/1678 core 1020 Lias ε (PS) 25.52 10.51 1.40 11.91 4.15 2.53 17.47 11.68 70.85 
12/1679 core 1020 Lias ε (PS) 25.75 1.75 1.64 3.38 2.23 0.78 4.38 13.64 81.97 
12/1680 core 1020 Lias ε (PS) 26.07 0.95 3.34 4.29 1.43 0.67 2.60 27.81 69.60 
12/1681 core 1020 Lias ε (PS) 26.62 0.68 3.79 4.47 1.02 0.67 1.85 31.55 66.60 
12/1682 core 1020 Lias ε (PS) 27.25 5.19 3.37 8.56 2.66 1.95 9.21 28.05 62.73 
12/1644 core 1001 Lias ε (PS) 36.42 5.16 3.44 8.60 2.15 2.40 8.69 28.68 62.63 
12/1707 core 1022 Lias ε (PS) 35.45 9.65 3.14 12.79 2.85 3.39 15.12 26.17 58.71 
12/1724 core 1022 Lias ε (PS) 42.92 14.91 0.98 15.89 4.24 3.52 23.19 8.16 68.65 
12/1744 core 1023 Lias ε (PS) 13.70 10.34 2.71 13.05 3.68 2.81 16.80 22.59 60.61 
12/1761 core 1023 Lias ε (PS) 20.10 9.77 3.29 13.06 3.94 2.48 16.32 27.39 56.30 
12/1769 core 1023 Lias ε (PS) 22.62 8.84 1.31 10.15 5.34 1.66 16.47 10.89 72.64 
12/1784 core 1026 Lias ε (PS) 17.16 8.06 2.85 10.91 2.54 3.17 12.77 23.76 63.47 
12/1802 core 1026 Lias ε (PS) 25.77 16.18 4.47 20.65 3.11 5.20 23.73 37.26 39.01 
12/1683 core 1020 Lias δ 27.48 0.64 3.81 4.45 2.76 0.23 3.47 31.78 64.75 
12/1684 core 1020 Lias δ 27.93 0.77 3.96 4.73 1.22 0.63 2.16 33.04 64.80 
12/1685 core 1020 Lias δ 28.08 0.45 4.39 4.84 1.41 0.32 1.93 36.61 61.46 
12/1686 core 1020 Lias δ 28.41 0.25 6.42 6.67 0.61 0.41 0.91 53.53 45.57 
12/1687 core 1020 Lias δ 28.80 0.31 5.95 6.26 0.68 0.45 1.05 49.60 49.35 
12/1688 core 1020 Lias δ 29.05 0.31 5.88 6.19 0.72 0.43 1.09 49.02 49.89 
12/1689 core 1020 Lias δ 29.36 0.30 5.31 5.61 0.90 0.33 1.24 44.25 54.50 
12/1690 core 1020 Lias δ 29.78 0.09 10.73 10.82 0.25 0.35 0.35 89.42 10.23 
12/1692 core 1020 Lias δ 31.37 0.33 4.15 4.48 0.86 0.38 1.25 34.61 64.14 
12/1693 core 1020 Lias δ 32.58 0.48 2.30 2.78 1.23 0.39 1.79 19.19 79.01 
12/1694 core 1020 Lias δ 33.56 0.51 2.48 2.99 1.72 0.30 2.31 20.69 77.00 
12/1695 core 1020 Lias δ 34.40 0.36 1.70 2.06 0.62 0.59 1.06 14.15 84.78 
12/1696 core 1020 Lias δ 35.38 0.54 3.42 3.96 0.59 0.92 1.26 28.53 70.21 
Max. core 1020 Lias ε (PS) \ 12.55 11.52 16.68 6.57 4.20 18.96 95.97 81.97 
Min. core 1020 Lias ε (PS) \ 0.67 1.06 3.38 0.29 0.49 1.14 8.83 2.89 
Avg. core 1020 Lias ε (PS) \ 6.29 3.99 10.28 3.11 2.03 11.06 33.25 55.69 
FA, SW-Germany 
12/1025 core Schesslitz K3/85 Lias ε 0.22 13.32 5.82 19.14 3.32 4.01 20.27 48.51 31.22 
12/1026 core Schesslitz K3/85 Lias ε 0.50 8.20 2.76 10.96 4.26 1.92 14.61 23.01 62.39 
12/1027 core Schesslitz K3/85 Lias ε 0.90 18.39 2.03 20.42 4.51 4.08 27.92 16.90 55.18 
12/1028 core Schesslitz K3/85 Lias ε 1.36 10.68 2.15 12.83 3.68 2.90 17.23 17.88 64.88 
12/1029 core Schesslitz K3/85 Lias ε 1.70 10.64 4.90 15.54 3.38 3.15 16.88 40.84 42.27 
12/1030 core Schesslitz K3/85 Lias ε 2.23 9.93 4.69 14.62 3.74 2.65 16.32 39.07 44.61 
12/1031 core Schesslitz K3/85 Lias ε 2.51 9.33 6.48 15.80 2.20 4.24 14.07 53.98 31.94 
12/1032 core Schesslitz K3/85 Lias ε 2.79 5.70 5.09 10.79 2.26 2.52 9.47 42.44 48.08 
12/1033 core Schesslitz K3/85 Lias ε 3.22 5.84 7.11 12.95 2.52 2.32 9.91 59.22 30.87 
12/1034 core Schesslitz K3/85 Lias ε 4.22 9.32 5.37 14.69 2.69 3.46 14.53 44.77 40.70 
Max. core Schesslitz K3/85 Lias ε \ 18.39 7.11 20.42 4.51 4.24 27.92 59.22 64.88 
Min. core Schesslitz K3/85 Lias ε \ 5.70 2.03 10.79 2.20 1.92 9.47 16.90 30.87 
Avg. core Schesslitz K3/85 Lias ε \ 10.13 4.64 14.77 3.26 3.13 16.12 38.66 45.22 
Runswick Bay, UK 
14/293 outcrop 
\ 
Bituminous 
Shale 
8.90 4.70 0.98 5.68 4.58 1.03 10.44 8.13 81.43 
14/126 outcrop 
Bituminous 
Shale 
8.70 4.31 1.11 5.42 4.18 1.03 9.54 9.28 81.18 
14/127 outcrop 
Bituminous 
Shale 
8.50 4.17 1.60 5.77 4.26 0.98 9.44 13.34 77.22 
14/128 outcrop 
Bituminous 
Shale 
8.30 3.92 0.53 4.44 5.13 0.76 9.96 4.38 85.66 
14/294 outcrop 
Bituminous 
Shale 
8.15 4.11 1.30 5.40 3.89 1.06 9.01 10.82 80.18 
14/129 outcrop 
Bituminous 
Shale 
7.87 4.19 1.33 5.53 4.25 0.99 9.46 11.11 79.42 
14/130 outcrop 
Bituminous 
Shale 
7.67 4.52 1.67 6.19 4.78 0.95 10.40 13.90 75.71 
14/228 outcrop 
Bituminous 
Shale 
7.32 5.34 2.07 7.41 5.32 1.00 11.96 17.23 70.81 
14/131 outcrop Bituminous 7.00 4.58 1.51 6.09 5.58 0.82 11.24 12.60 76.17 
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Shale 
14/229 outcrop 
Bituminous 
Shale 
6.70 2.73 9.57 12.30 1.68 1.63 5.12 79.74 15.14 
14/132 outcrop Jet Rock 6.50 7.51 2.27 9.78 6.93 1.08 16.30 18.91 64.79 
14/133 outcrop Jet Rock 6.35 7.01 2.53 9.54 5.89 1.19 14.66 21.09 64.26 
14/135 outcrop Jet Rock 6.10 6.00 1.61 7.62 4.97 1.21 12.48 13.44 74.08 
14/230 outcrop Jet Rock 5.70 6.40 1.05 7.45 6.57 0.98 14.52 8.77 76.71 
14/137 outcrop Jet Rock 5.40 5.56 1.48 7.03 4.62 1.20 11.56 12.29 76.14 
14/138 outcrop Jet Rock 5.22 4.82 1.03 5.86 5.58 0.86 11.54 8.61 79.84 
14/232 outcrop Jet Rock 4.90 5.37 0.96 6.33 6.18 0.87 12.83 8.00 79.17 
14/233 outcrop Jet Rock 4.65 5.35 1.31 6.67 5.67 0.94 12.31 10.95 76.73 
14/139 outcrop Jet Rock 4.50 5.81 1.37 7.18 5.47 1.06 12.71 11.38 75.92 
14/234 outcrop Jet Rock 4.40 6.19 2.35 8.54 5.25 1.18 12.98 19.57 67.45 
14/140 outcrop Jet Rock 4.20 11.06 1.05 12.10 7.45 1.49 21.34 8.71 69.95 
14/141 outcrop Jet Rock 4.02 13.97 0.89 14.86 6.24 2.24 23.90 7.42 68.68 
14/142 outcrop Jet Rock 3.80 16.36 1.16 17.52 7.01 2.33 27.71 9.67 62.61 
14/143 outcrop Jet Rock 3.57 14.24 1.19 15.43 6.04 2.36 24.06 9.91 66.03 
14/146 outcrop Jet Rock 3.42 13.05 0.77 13.82 6.61 1.98 23.09 6.39 70.52 
14/235 outcrop Jet Rock 3.25 18.84 1.74 20.58 6.96 2.71 30.84 14.49 54.67 
14/236 outcrop Jet Rock 3.20 2.47 8.45 10.93 7.75 0.32 10.63 70.45 18.93 
14/145 outcrop Jet Rock 3.13 9.47 2.18 11.65 5.71 1.66 17.63 18.20 64.17 
14/237 outcrop Jet Rock 2.82 8.20 0.67 8.88 5.85 1.40 16.14 5.62 78.24 
14/148 outcrop Jet Rock 2.70 7.94 0.38 8.32 7.91 1.00 17.79 3.15 79.06 
14/150 outcrop Jet Rock 2.37 9.48 0.60 10.08 6.89 1.38 18.77 5.00 76.22 
14/151 outcrop Jet Rock 2.25 9.25 0.33 9.59 6.36 1.45 17.98 2.79 79.23 
14/238 outcrop Jet Rock 1.92 7.58 1.18 8.76 4.64 1.63 14.18 9.86 75.96 
14/153 outcrop Grey Shale  1.62 4.39 0.69 5.08 4.51 0.97 9.96 5.77 84.27 
14/155 outcrop Grey Shale  1.32 5.85 0.39 6.24 5.98 0.98 13.25 3.28 83.47 
14/157 outcrop Grey Shale  1.00 5.83 0.43 6.26 5.28 1.11 12.55 3.55 83.90 
14/158 outcrop Grey Shale  0.72 3.40 0.87 4.27 4.26 0.80 8.45 7.26 84.28 
14/240 outcrop Grey Shale  0.55 4.69 0.55 5.24 5.63 0.83 11.43 4.57 84.00 
14/159 outcrop Grey Shale  0.25 4.65 0.68 5.33 6.22 0.75 11.94 5.65 82.41 
14/160 outcrop Grey Shale  -0.05 6.06 0.52 6.59 6.11 0.99 13.64 4.37 81.98 
14/161 outcrop Grey Shale  -0.20 3.39 0.41 3.80 6.35 0.53 10.45 3.41 86.14 
14/162 outcrop Grey Shale  -0.45 3.61 0.55 4.16 4.83 0.75 9.27 4.62 86.11 
14/243 outcrop Grey Shale  -0.60 4.93 0.34 5.27 5.28 0.93 11.40 2.82 85.79 
14/163 outcrop Grey Shale  -0.82 4.35 0.62 4.97 3.95 1.10 9.38 5.15 85.47 
14/244 outcrop Grey Shale  -1.02 3.78 0.44 4.22 3.37 1.12 8.08 3.69 88.23 
14/164 outcrop Grey Shale  -1.25 3.18 0.48 3.66 4.99 0.64 8.87 4.03 87.09 
14/245 outcrop Grey Shale  -1.40 4.96 0.39 5.35 5.46 0.91 11.61 3.25 85.15 
14/246 outcrop Grey Shale  -1.90 3.37 0.33 3.70 4.25 0.79 8.41 2.73 88.86 
Max. outcrop all \ 18.84 9.57 20.58 7.91 2.71 30.84 79.74 88.86 
Min. outcrop all \ 2.47 0.33 3.66 1.68 0.32 5.12 2.73 15.14 
Avg. outcrop all \ 6.48 1.37 7.85 5.47 1.19 13.57 11.44 74.99 
LOZ-1, NL 
14/063 core 
LOZ-1 
Werkendam 2458.0 1.24 0.69 1.94 1.32 0.94 2.86 5.79 91.35 
14/064 core PS 2460.0 11.67 1.96 13.63 4.95 2.36 19.72 16.37 63.92 
14/065 core PS 2461.0 3.25 0.40 3.65 2.83 1.15 6.89 3.31 89.80 
14/066 core PS 2462.0 3.43 0.84 4.27 4.58 0.75 8.81 6.96 84.24 
14/067 core PS 2463.0 3.42 0.44 3.86 3.02 1.13 7.29 3.67 89.04 
14/068 core PS 2465.5 5.74 0.47 6.21 6.02 0.95 13.14 3.94 82.93 
14/069 core PS 2466.5 3.59 1.47 5.06 2.35 1.53 6.87 12.28 80.85 
14/070 core PS 2467.5 3.35 0.93 4.28 2.37 1.41 6.58 7.77 85.65 
14/071 core PS 2468.5 3.61 0.63 4.24 2.45 1.47 6.99 5.21 87.80 
14/072 core PS 2470.5 5.04 1.06 6.10 2.42 2.09 8.79 8.81 82.40 
14/073 core PS 2471.5 4.08 0.50 4.58 2.54 1.60 7.67 4.15 88.17 
14/074 core PS 2472.5 3.42 0.40 3.82 2.30 1.49 6.60 3.32 90.08 
14/075 core PS 2473.5 3.96 0.94 4.90 2.17 1.83 7.16 7.81 85.02 
14/076 core PS 2475.5 8.04 2.95 10.99 3.51 2.29 13.68 24.59 61.73 
14/077 core PS 2476.5 8.32 2.02 10.34 2.87 2.90 13.43 16.85 69.72 
14/078 core PS 2477.5 6.59 1.17 7.77 3.44 1.92 11.76 9.77 78.47 
14/079 core PS 2478.5 6.74 1.49 8.23 2.38 2.83 10.93 12.45 76.62 
14/080 core PS 2479.5 7.67 1.93 9.60 2.37 3.23 12.11 16.07 71.82 
14/081 core PS 2480.5 15.56 2.33 17.88 5.32 2.92 25.06 19.38 55.56 
14/082 core PS 2482.5 11.51 3.47 14.97 4.37 2.63 18.96 28.89 52.15 
14/083 core PS 2483.5 11.79 1.56 13.35 3.70 3.19 18.66 13.03 68.31 
14/084 core PS 2484.5 12.80 2.36 15.16 4.77 2.68 21.00 19.68 59.32 
14/085 core PS 2485.5 13.09 2.13 15.22 4.71 2.78 21.31 17.75 60.94 
14/086 core PS 2486.5 11.72 1.88 13.60 4.10 2.86 18.97 15.63 65.40 
14/087 core PS 2487.5 8.42 2.78 11.20 3.16 2.67 13.83 23.15 63.02 
14/088 core PS 2488.7 8.33 3.27 11.60 3.23 2.58 13.79 27.21 59.00 
14/089 core PS 2489.7 12.85 1.81 14.66 4.36 2.95 20.67 15.10 64.23 
14/090 core PS 2490.7 6.83 5.31 12.14 2.12 3.23 10.79 44.25 44.96 
14/091 core PS 2491.7 13.28 4.11 17.40 3.89 3.41 20.77 34.29 44.94 
14/092 core PS 2493.5 10.17 2.44 12.61 4.29 2.37 17.16 20.33 62.51 
14/093 core PS 2494.5 10.88 3.99 14.87 3.35 3.25 17.16 33.24 49.60 
14/094 core PS 2495.5 11.07 1.78 12.85 5.02 2.20 19.02 14.84 66.15 
14/095 core PS 2496.5 14.36 3.20 17.57 3.94 3.64 22.21 26.68 51.12 
14/096 core PS 2497.5 9.99 1.41 11.40 5.64 1.77 18.23 11.76 70.00 
14/097 core PS 2498.5 7.17 3.65 10.82 3.00 2.39 12.08 30.39 57.52 
14/098 core PS 2500.0 13.02 1.51 14.53 4.39 2.96 20.92 12.58 66.50 
14/099 core PS 2501.0 16.17 1.12 17.30 4.33 3.74 24.90 9.36 65.75 
14/100 core PS 2502.0 4.48 2.81 7.29 0.37 12.13 6.09 23.43 70.48 
14/101 core PS 2503.0 13.17 1.03 14.20 4.32 3.05 21.05 8.60 70.36 
14/102 core PS 2504.0 17.68 1.58 19.27 5.43 3.26 27.89 13.19 58.92 
14/103 core PS 2505.0 14.80 1.32 16.12 5.86 2.53 24.61 10.98 64.41 
14/104 core PS 2506.0 9.33 0.89 10.22 4.00 2.33 15.80 7.43 76.77 
14/105 core PS 2507.0 6.76 1.41 8.17 3.84 1.76 12.35 11.79 75.86 
14/106 core PS 2508.0 2.71 1.22 3.93 2.78 0.97 6.15 10.17 83.67 
14/107 core PS 2509.0 2.40 0.94 3.34 2.36 1.01 5.34 7.84 86.82 
14/108 core Aalburg 2510.0 0.73 0.21 0.94 n.d. n.d. n.d. 1.74 n.d. 
14/109 core Aalburg 2511.0 1.16 0.25 1.41 1.02 1.14 2.47 2.08 95.45 
14/110 core Aalburg 2512.0 0.95 0.25 1.20 n.d. n.d. n.d. 2.06 n.d. 
14/111 core Aalburg 2513.0 1.39 0.22 1.61 0.85 1.63 2.60 1.87 95.53 
14/112 core Aalburg 2514.0 1.35 0.24 1.59 n.d. n.d. n.d. 1.99 n.d. 
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14/113 core Aalburg 2515.0 1.28 0.43 1.71 1.85 0.69 3.42 3.56 93.02 
14/114 core Aalburg 2516.0 1.08 0.30 1.38 n.d. n.d. n.d. 2.53 n.d. 
14/115 core Aalburg 2516.9 2.59 0.32 2.91 0.43 5.97 3.74 2.67 93.59 
14/116 core Aalburg 2518.3 5.45 1.51 6.96 0.17 31.86 7.15 12.61 80.24 
14/117 core Aalburg 2519.3 1.42 0.39 1.81 0.22 6.47 2.03 3.28 94.69 
14/118 core Aalburg 2520.2 3.95 0.37 4.33 0.14 27.85 5.21 3.09 91.70 
14/119 core Aalburg 2522.5 0.94 0.24 1.18 0.94 1.00 2.10 1.98 95.92 
14/120 core Aalburg 2523.5 1.10 1.11 2.21 n.d. n.d. n.d. 9.24 n.d. 
14/121 core Aalburg 2524.5 1.02 0.36 1.38 n.d. n.d. n.d. 3.00 n.d. 
14/122 core Aalburg 2525.5 1.05 0.31 1.35 4.54 0.23 5.70 2.56 91.74 
14/123 core Aalburg 2528.0 0.81 1.11 1.92 n.d. n.d. n.d. 9.27 n.d. 
14/124 core Aalburg 2530.0 0.83 0.28 1.11 n.d. n.d. n.d. 2.30 n.d. 
14/125 core Aalburg 2584.0 0.78 1.02 1.80 0.37 2.14 1.36 8.46 90.18 
Max. core PS \ 17.68 5.31 19.27 6.02 12.13 27.89 44.25 90.08 
Min. core PS \ 2.40 0.40 3.34 0.37 0.75 5.34 3.31 44.94 
Avg. core PS \ 8.69 1.84 10.53 3.62 2.55 14.62 15.32 70.06 
Wenzen, NW-
Germany 
12/1238 core Wenzen PS 29.50 7.43 2.31 9.74 3.49 2.13 12.88 19.25 67.87 
12/1239 core Wenzen PS 30.50 6.84 2.71 9.55 2.07 3.30 10.76 22.58 66.66 
12/1240 core Wenzen PS 31.50 8.90 1.46 10.36 9.83 0.91 20.86 12.17 66.97 
12/1241 core Wenzen PS 32.50 8.64 1.88 10.52 3.29 2.63 14.24 15.67 70.09 
12/1242 core Wenzen PS 33.50 8.97 2.10 11.07 2.91 3.08 14.30 17.50 68.20 
12/1243 core Wenzen PS 34.50 9.31 2.64 11.95 3.07 3.03 14.89 22.00 63.11 
12/1244 core Wenzen PS 35.50 8.32 2.70 11.02 1.21 6.88 11.83 22.50 65.67 
12/1245 core Wenzen PS 36.50 7.18 3.20 10.38 2.36 3.04 11.47 26.67 61.86 
12/1246 core Wenzen PS 37.50 8.17 3.04 11.21 2.74 2.98 13.11 25.33 61.56 
12/1247 core Wenzen PS 38.50 11.37 2.00 13.37 3.23 3.52 17.68 16.67 65.65 
12/1248 core Wenzen PS 39.33 7.16 2.35 9.51 2.88 2.49 11.95 19.58 68.47 
12/1249 core Wenzen PS 40.03 10.45 2.09 12.54 4.03 2.59 17.27 17.42 65.31 
12/1250 core Wenzen PS 40.10 8.72 2.88 11.60 3.14 2.78 14.20 24.00 61.80 
12/1251 core Wenzen PS 41.55 6.27 5.54 11.81 2.08 3.01 10.04 46.17 43.79 
12/1252 core Wenzen PS 42.50 8.82 3.42 12.24 2.88 3.06 14.08 28.50 57.42 
12/1253 core Wenzen PS 43.57 10.73 3.28 14.01 3.04 3.53 16.68 27.33 55.99 
12/1254 core Wenzen PS 44.37 9.90 4.35 14.25 3.21 3.08 15.78 36.25 47.97 
Max. core Wenzen PS \ 11.37 5.54 14.25 9.83 6.88 20.86 46.17 70.09 
Min. core Wenzen PS \ 6.27 1.46 9.51 1.21 0.91 10.04 12.17 43.79 
Avg. core Wenzen PS \ 8.66 2.82 11.48 3.26 3.06 14.24 23.50 62.26 
n.d.=not determined. OM*= calculated organic matter before sulfate reduction (Littke et al., 1991a). 
Three major sedimentary components, i.e., silicate, original organic matter and carbonate, were calculated 
according to Littke et al. (1991a). The calculated organic matter before sulfate reduction (OM*) shows a 
wide range from 1.14 to 23.7% (average 12%) in the SA. Values vary between 9.47 and 27.9% with a 
higher average value of 16% in the FA. Slight deviation of the average values exists in Runswick Bay of 
UK and the LOZ-1 of NL, which are 14 and 15%, respectively. Silicate content ranges from 2.89 to 82.0 
% (56% on average) in the SA, whereas values range from 30.87 to 64.9% (45% on average) for the FA. 
Interestingly, the PS contains more silicate both in UK and NL, with average values of 75 and 70%, 
respectively. This is obvious in the ternary diagram of the three major sedimentary components, where the 
PS samples from UK and NL are located close to the silicate corner (Fig. 3.5; Table 3.1). In contrast, the 
PS from the Hils Syncline (Wickensen) plots closer to the carbonate corner. 
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Figure 3.4 TOC, TIC and TS of the PS from the SA and FA of SW-Germany, Runswick Bay of UK and 
LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 2014) and Wickensen 
core of NW-Germany (Littke et al., 1991a). Thickness of analyzed section of the PS is illustrated by 
column and average values of elemental compositions and numbers of analyzed samples are given for 
each locality above the standard deviation whiskers. 
 
Figure 3.5 Distributions of the three major sedimentary components of the Posidonia Shale from the SA 
and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as literature data of the Esch-sur-
Alzette of LU (Song et al., 2014) and Wickensen core of NW-Germany (Littke et al., 1991a). 
3.5.2 Rock-Eval pyrolysis 
S1 values, representing free hydrocarbons or absorbed organic matter (bitumen), range between 0.09 and 
3.60mg HC/g rock, with an average of 1.51mg HC /g rock for the PS from the SA and between 0.32 and 
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2.47 mg HC/g rock with an average value of 1.15 mg HC /g rock for the PS from the FA. The highest 
average value of S1 was calculated for Runswick Bay (5.85 mg HC /g rock), which corresponds to the 
highest average value of the bitumen index (BI = S1 · 100/TOC [mg HC/g TOC], Killops et al.; 1998; 
Jarvie and Baker, 1984) of 86 mg HC/g TOC and production index (PI = S1/(S1+S2), Espitalié et al., 1977) 
of 0.14. The average S1 value, i.e., 4.99 mg HC/g rock, of the LOZ-1, NL is close to that of UK. Average 
values of PI and BI are 57 mg HC/g TOC and 0.10, respectively (Table 3.2; Fig. 3.6).  
 
Figure 3.6 Rock-Eval pyrolysis data of the PS from the SA, and FA of SW-Germany, Runswick Bay of UK 
and LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 2014) and 
Wickensen core of NW-Germany (Littke et al., 1991a). 
S2 values correspond to the amount of hydrocarbons generated by thermal cracking of the insoluble 
organic matter (kerogen) in the rock. The values for the PS samples from the SA vary between 0.96 and 
68.2mg HC/g rock with an average of 31.5 mg HC/g rock, indicating excellent but heterogeneous 
hydrocarbon potentials, whereas in the FA the values are much higher with an average of 59.5 mg HC/g 
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rock, showing a relatively narrow range from 29.2 to 110.2 mg HC/g rock. Average values of S2 are 35.2 
and 52.2 mg HC/g rock in UK and NL, respectively. A similar distribution can be observed for hydrogen 
index (HI = 100 · S2/TOC [mg HC/g TOC], Espitalié et al., 1977). HI values of the Posidonia Shale 
samples from the SA show a wide range from 141 to 615 mg HC/g TOC, with an average of 468 mg HC/g 
TOC. PS samples of the FA display relatively stable HI values, varying between 402 and 643 mg HC/g 
TOC, 556 mg HC/g TOC in average. The average values of HI are 532 and 562 mg HC/g TOC in UK and 
NL, respectively. HI values show a slight decrease with increasing Tmax values, but they are all located 
between 200 and 700 mg HC/g TOC at these 5 sampling localities, indicating the presence of type II 
kerogen with excellent hydrocarbon generation potentials (Table 3.2; Figs. 3.6, 7). There are a few 
exceptions, i.e., samples having HI values of just 150 to 400 mg HC/g TOC. Some of these samples at 
Runswick Bay and SA are carbonates, whereas others from SA are from the base (less than 2 m above 
base) of the Posidonia Shale. S2 and HI values at Wickensen, northern Germany, are even slightly higher 
than at the other locations (Littke et al., 1991a).  
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Figure 3.7 Cross plots of HI vs. OI and Tmax of the SA and FA of SW-Germany, Runswick Bay of UK, 
LOZ-1 of NL and literature data of the Esch-sur-Alzette, LU (Song et al.,2014), and Wickensen core of 
NW-Germany (Littke et al., 1991a). 
OI values show an average of 40 mg CO2/g TOC for the PS from the SA, 43 mg CO2/g TOC for the FA, 
and are slightly lower at 27 and 29 mg CO2/g TOC, respectively, for the PS from UK and NL (Table 3.2; 
Fig. 3.6). Tmax value, which is the temperature of maximum rate of release of hydrocarbons (corresponding 
to S2 peak) ranges between 420 and 432 °C with an average of 427 °C for the PS from the SA, slightly 
higher than that from the FA (422 °C on average, range of 417-426 °C). An average value of 433 °C 
occurs in Runswick Bay, UK with a narrow range (425-438 °C), indicating that the early stage of the oil 
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window is reached there. This is consistent with other parameters such as BI and PI (Table 3.2). At the 
LOZ-1 well, NL, high value of S1, BI and PI were observed, even though the average Tmax is very low 
(427 °C), indicating an influence from contamination or migrated hydrocarbons. However, Tmax shows a 
wide range from 421 to 443 °C, corresponding to maturation levels from immature to peak oil generation 
for typical type II kerogen (Killops and Killops, 2005). High Tmax values 440 °C were observed at depths 
of about 2475-2478 m indicating local maturation there.  
Plots of S2 vs. TOC (Langford and Blanc-Valleron, 1990) locate most of the samples between 200-700 mg 
HC/g TOC of HI (Table 3.2), consistent with the cross plots of HI vs. OI and Tmax in Fig. 3.7, indicating 
typical organic-rich type II kerogen with excellent hydrocarbon generation potential for the PS from all 
sampling localities except for some samples of interbedded limestones in the SA of SW-Germany. In 
contrast to the typical organic matter-rich type II kerogen of the PS illustrated in the cross plots of HI vs. 
OI and Tmax for the PS from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL, as 
well as the eastern Paris Basin (Esch-sur-Alzette, LU; Song et al., 2014), samples of Lias delta and zeta in 
SW-Germany and Aalburg in NL plot close to the field of type III kerogen, demonstrating significant 
organic facies changes. Tmax values are also slightly higher for these type III kerogens. 
Table 3.2 Rock-Eval pyrolysis data of the Posidonia Shale from the SA and FA of SW-Germany, Runswick 
Bay of UK and LOZ-1 of NL as well as Wenzen of NW-Germany. 
Locality 
Sample 
No. 
Type Well No. Formation  Depth(m) 
TOC S1 S2 S3 Tmax HI OI PI BI 
Rock-
Eval 
TAR 
% 
[mg/g 
rock] 
[mg/g 
rock] 
[mgCO2/g 
rock] 
[°C] 
[mg 
HC/g 
TOC ] 
[mg 
CO2/g 
TOC ] 
S1/ 
(S1+S2) 
S1*100/ 
TOC 
S3/S2 
SA, SW-
Germany 
12/1654 Core 1020 Lias ζ 15.50 0.61 0.09 0.79 0.76 428 129 125 0.10 15 0.97 
12/1661 Core 1020 Lias ε (PS) 19.14 6.24 0.97 27.31 1.32 428 438 21 0.03 16 0.05 
12/1663 Core 1020 Lias ε (PS) 19.88 7.55 1.67 40.99 1.37 427 543 18 0.04 22 0.03 
12/1664 Core 1020 Lias ε (PS) 20.41 10.13 2.26 56.25 2.62 429 555 26 0.04 22 0.05 
12/1665 Core 1020 Lias ε (PS) 21.30 1.97 0.30 5.59 0.87 423 284 44 0.05 15 0.16 
12/1667 Core 1020 Lias ε (PS) 21.94 8.68 2.08 51.27 1.78 425 591 20 0.04 24 0.03 
12/1669 Core 1020 Lias ε (PS) 22.36 11.14 3.55 68.22 2.10 420 612 19 0.05 32 0.03 
12/1670 Core 1020 Lias ε (PS) 22.68 2.40 0.50 8.99 0.99 425 375 41 0.05 21 0.11 
12/1672 Core 1020 Lias ε (PS) 22.97 10.84 3.60 65.89 2.27 429 608 21 0.05 33 0.03 
12/1674 Core 1020 Lias ε (PS) 23.66 0.67 0.28 3.91 0.71 424 584 105 0.07 42 0.18 
12/1675 Core 1020 Lias ε (PS) 24.30 7.58 1.95 43.13 0.99 432 569 13 0.04 26 0.02 
12/1677 Core 1020 Lias ε (PS) 25.13 6.97 1.88 39.08 1.10 427 561 16 0.05 27 0.03 
12/1678 Core 1020 Lias ε (PS) 25.52 10.51 3.36 64.66 2.04 427 615 19 0.05 32 0.03 
12/1679 Core 1020 Lias ε (PS) 25.75 1.75 0.23 5.29 0.75 424 302 43 0.04 13 0.14 
12/1680 Core 1020 Lias ε (PS) 26.07 0.95 0.12 1.81 0.83 429 191 87 0.06 13 0.46 
12/1681 Core 1020 Lias ε (PS) 26.62 0.68 0.09 0.96 0.84 431 141 124 0.08 13 0.88 
12/1682 Core 1020 Lias ε (PS) 27.25 5.19 0.94 24.73 1.37 430 476 26 0.04 18 0.06 
12/1644 Core 1001 Lias ε (PS) 36.42 5.16 1.88 26.61 1.45 428 516 28 0.07 36 0.05 
12/1707 Core 1022 Lias ε (PS) 35.45 9.65 2.49 58.98 2.39 429 611 25 0.04 26 0.04 
12/1724 Core 1022 Lias ε (PS) 42.92 14.91 5.83 98.91 2.54 423 663 17 0.06 39 0.03 
12/1744 Core 1023 Lias ε (PS) 13.70 10.34 2.93 58.60 2.41 427 564 23 0.05 28 0.04 
12/1761 Core 1023 Lias ε (PS) 20.10 9.77 2.87 57.33 2.25 425 587 23 0.05 29 0.04 
12/1769 Core 1023 Lias ε (PS) 22.62 8.84 2.31 53.32 1.99 424 603 22 0.04 26 0.04 
12/1784 Core 1026 Lias ε (PS) 17.16 8.06 1.55 47.08 2.25 427 584 28 0.03 19 0.05 
12/1802 Core 1026 Lias ε (PS) 25.77 16.18 4.88 86.50 2.89 424 535 18 0.05 30 0.03 
12/1694 Core 1020 Lias δ 33.56 0.51 0.09 0.45 0.76 429 87 149 0.17 18 1.71 
12/1696 Core 1020 Lias δ 35.38 0.54 0.09 0.43 0.76 428 80 141 0.17 16 1.77 
Min. Core 1020 Lias ε (PS) \ 0.67 0.09 0.96 0.71 420 141 13 0.03 13 0.02 
Max. Core 1020 Lias ε (PS) \ 11.14 3.60 68.22 2.62 432 615 124 0.08 42 0.88 
Avg. Core 1020 Lias ε (PS) \ 5.79 1.51 31.45 1.38 427 468 40 0.05 24 0.14 
FA, SW-
Germany 
12/1025 Core Schesslitz K3/85 Lias ε (PS) 0.22 13.32 1.63 74.40 6.87 422 558 52 0.02 12 0.09 
12/1026 Core Schesslitz K3/86 Lias ε (PS) 0.50 8.20 0.90 47.10 4.45 419 575 54 0.02 11 0.09 
12/1027 Core Schesslitz K3/87 Lias ε (PS) 0.90 18.39 2.47 110.17 6.88 420 599 37 0.02 13 0.06 
12/1028 Core Schesslitz K3/88 Lias ε (PS) 1.36 10.68 1.23 67.07 4.18 417 628 39 0.02 12 0.06 
12/1029 Core Schesslitz K3/89 Lias ε (PS) 1.70 10.64 1.32 63.58 5.31 422 595 50 0.02 12 0.08 
12/1030 Core Schesslitz K3/90 Lias ε (PS) 2.23 9.93 1.22 58.53 4.59 422 548 43 0.02 12 0.08 
12/1031 Core Schesslitz K3/91 Lias ε (PS) 2.51 9.33 1.07 59.93 4.05 423 643 43 0.02 11 0.07 
12/1032 Core Schesslitz K3/92 Lias ε (PS) 2.79 5.70 0.32 29.17 2.73 425 402 38 0.01 6 0.09 
12/1033 Core Schesslitz K3/93 Lias ε (PS) 3.22 5.84 0.49 33.55 3.13 426 463 43 0.01 8 0.09 
12/1034 Core Schesslitz K3/94 Lias ε (PS) 4.22 9.32 0.86 51.35 2.93 423 551 31 0.02 9 0.06 
Min. Core Schesslitz K3/95 Lias ε (PS) \ 5.70 0.32 29.17 2.73 417 402 31 0.01 6 0.06 
Max. Core Schesslitz K3/96 Lias ε (PS) \ 18.39 2.47 110.17 6.88 426 643 54 0.02 13 0.09 
Avg. Core Schesslitz K3/97 Lias ε (PS) \ 10.13 1.15 59.49 4.51 422 556 43 0.02 11 0.08 
Runswick 
Bay, UK 
14/293 
outcrop 
\ 
Bituminous 
Shale 
8.90 
4.70 3.13 28.86 1.39 431 614 29 0.10 67 
0.05 
14/126 
outcrop 
Bituminous 
Shale 
8.70 
4.31 3.11 23.75 1.35 432 551 31 0.12 72 
0.06 
14/294 outcrop Bituminous 8.15 4.11 3.03 23.99 1.34 434 584 33 0.11 74 0.06 
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Shale 
14/130 
outcrop 
Bituminous 
Shale 
7.67 
4.52 3.52 24.91 1.29 430 551 29 0.12 78 
0.05 
14/295 
outcrop 
Bituminous 
Shale 
7.15 
4.06 3.64 25.02 1.47 432 616 36 0.13 90 
0.06 
14/131 
outcrop 
Bituminous 
Shale 
7.00 
4.58 3.15 24.21 1.37 432 529 30 0.12 69 
0.06 
14/132 outcrop Jet Rock 6.50 7.51 5.73 32.92 1.46 428 438 19 0.15 76 0.04 
14/133 outcrop Jet Rock 6.35 7.01 7.88 34.65 1.41 431 494 20 0.19 112 0.04 
14/135 outcrop Jet Rock 6.10 6.00 5.92 30.26 1.35 432 504 22 0.16 99 0.04 
14/230 outcrop Jet Rock 5.70 6.40 6.97 33.80 1.28 429 528 20 0.17 109 0.04 
14/138 outcrop Jet Rock 5.22 4.82 4.96 27.14 1.30 432 563 27 0.15 103 0.05 
14/232 outcrop Jet Rock 4.90 5.37 5.03 27.37 1.34 430 510 25 0.16 94 0.05 
14/139 outcrop Jet Rock 4.50 5.81 7.09 32.84 1.30 431 565 22 0.18 122 0.04 
14/234 outcrop Jet Rock 4.40 6.19 6.57 31.31 1.36 428 506 22 0.17 106 0.04 
14/142 outcrop Jet Rock 3.80 16.36 16.05 87.66 2.45 433 536 15 0.15 98 0.03 
14/143 outcrop Jet Rock 3.57 14.24 14.79 81.04 2.69 434 569 19 0.15 104 0.03 
14/146 outcrop Jet Rock 3.42 13.05 10.57 70.00 2.68 433 536 21 0.13 81 0.04 
14/235 outcrop Jet Rock 3.25 18.84 16.16 103.73 2.76 437 551 15 0.13 86 0.03 
14/236 outcrop Jet Rock 3.20 2.48 0.67 4.17 1.47 426 169 60 0.14 27 0.35 
14/145 outcrop Jet Rock 3.13 9.47 8.35 57.53 2.64 434 608 28 0.13 88 0.05 
14/237 outcrop Jet Rock 2.82 8.20 6.70 47.28 2.71 431 576 33 0.12 82 0.06 
14/148 outcrop Jet Rock 2.70 7.94 5.94 28.87 1.45 425 363 18 0.17 75 0.05 
14/150 outcrop Jet Rock 2.37 9.48 8.70 50.50 2.69 429 533 28 0.15 92 0.05 
14/151 outcrop Jet Rock 2.25 9.26 8.43 50.48 2.40 432 545 26 0.14 91 0.05 
14/238 outcrop Jet Rock 1.92 7.58 8.02 41.97 1.36 437 554 18 0.16 106 0.03 
14/153 outcrop Grey Shale 1.62 4.39 4.54 26.66 1.34 435 607 30 0.15 103 0.05 
14/155 outcrop Grey Shale 1.32 5.85 5.46 31.16 1.26 434 533 22 0.15 93 0.04 
14/157 outcrop Grey Shale 1.00 5.83 4.48 30.46 1.31 435 522 22 0.13 77 0.04 
14/158 outcrop Grey Shale 0.72 3.40 2.34 20.01 1.25 432 588 37 0.10 69 0.06 
14/240 outcrop Grey Shale 0.55 4.69 4.09 28.30 1.19 437 603 25 0.13 87 0.04 
14/241 outcrop Grey Shale 0.40 5.47 4.79 31.45 1.23 433 575 23 0.13 88 0.04 
14/242 outcrop Grey Shale 0.12 4.18 4.57 27.64 1.21 435 662 29 0.14 109 0.04 
14/160 outcrop Grey Shale -0.05 6.06 5.86 31.46 1.28 435 519 21 0.16 97 0.04 
14/161 outcrop Grey Shale -0.20 3.39 3.12 15.78 1.19 433 465 35 0.17 92 0.08 
14/244 outcrop Grey Shale -1.02 3.78 2.94 20.39 1.17 438 540 31 0.13 78 0.06 
14/164 outcrop Grey Shale -1.25 3.18 1.97 14.60 1.43 433 459 45 0.12 62 0.10 
14/165 outcrop Grey Shale -1.65 3.50 2.48 21.21 1.26 438 606 36 0.10 71 0.06 
14/246 outcrop Grey Shale -1.90 3.38 1.74 14.48 1.28 435 429 38 0.11 51 0.09 
Min. outcrop PS \ 2.48 0.67 4.17 1.17 425 169 15 0.10 27 0.28 
Max. outcrop PS \ 18.84 16.16 103.73 2.76 438 662 60 0.19 122 0.03 
Avg. outcrop PS \ 6.56 5.85 35.21 1.60 433 532 27 0.14 86 0.05 
LOZ-1, NL 
14/063 Core LOZ-1 Werkendam 2458.0 1.2 1.24 2.47 1.06 434 206 89 0.33 103 0.43 
14/064 Core LOZ-1 PS 2460.0 11.7 6.56 69.39 2.90 423 593 25 0.09 56 0.04 
14/065 Core LOZ-1 PS 2461.0 3.3 1.93 18.92 1.44 433 573 44 0.09 59 0.08 
14/066 Core LOZ-1 PS 2462.0 3.4 2.14 16.64 1.40 429 490 41 0.11 63 0.08 
14/067 Core LOZ-1 PS 2463.0 3.4 1.71 18.36 1.39 424 540 41 0.09 50 0.08 
14/068 Core LOZ-1 PS 2465.5 5.7 3.17 29.75 1.56 421 522 27 0.10 56 0.05 
14/069 Core LOZ-1 PS 2466.5 3.6 2.12 15.29 1.51 429 425 42 0.12 59 0.10 
14/070 Core LOZ-1 PS 2467.5 3.4 2.28 15.03 1.45 429 442 43 0.13 67 0.10 
14/071 Core LOZ-1 PS 2468.5 3.6 3.32 17.26 1.43 426 479 40 0.16 92 0.08 
14/072 Core LOZ-1 PS 2470.5 5.0 3.65 28.40 1.48 429 568 30 0.11 73 0.05 
14/073 Core LOZ-1 PS 2471.5 4.1 2.45 21.15 1.45 429 516 35 0.10 60 0.07 
14/074 Core LOZ-1 PS 2472.5 3.4 1.94 16.61 1.40 427 489 41 0.10 57 0.08 
14/075 Core LOZ-1 PS 2473.5 4.0 2.11 20.94 1.53 429 524 38 0.09 53 0.07 
14/076 Core LOZ-1 PS 2475.5 8.0 2.62 39.16 1.44 440 490 18 0.06 33 0.04 
14/077 Core LOZ-1 PS 2476.5 8.3 4.65 55.13 2.81 424 664 34 0.08 56 0.05 
14/078 Core LOZ-1 PS 2477.5 6.6 1.76 29.12 1.42 443 441 21 0.06 27 0.05 
14/079 Core LOZ-1 PS 2478.5 6.7 2.61 32.43 1.47 442 484 22 0.07 39 0.05 
14/080 Core LOZ-1 PS 2479.5 7.7 3.54 45.45 1.44 429 590 19 0.07 46 0.03 
14/081 Core LOZ-1 PS 2480.5 15.6 8.24 86.32 2.81 425 553 18 0.09 53 0.03 
14/082 Core LOZ-1 PS 2482.5 11.5 6.15 68.41 2.71 425 595 24 0.08 53 0.04 
14/083 Core LOZ-1 PS 2483.5 11.8 5.13 76.51 2.68 425 648 23 0.06 43 0.04 
14/084 Core LOZ-1 PS 2484.5 12.8 7.62 75.51 2.85 423 590 22 0.09 60 0.04 
14/085 Core LOZ-1 PS 2485.5 13.1 7.00 79.82 2.63 425 609 20 0.08 53 0.03 
14/086 Core LOZ-1 PS 2486.5 11.7 5.98 73.62 2.91 425 629 25 0.08 51 0.04 
14/087 Core LOZ-1 PS 2487.5 8.4 5.87 53.59 2.99 425 638 36 0.10 70 0.06 
14/088 Core LOZ-1 PS 2488.7 8.3 5.62 51.97 2.93 423 626 35 0.10 68 0.06 
14/090 Core LOZ-1 PS 2490.7 6.8 5.63 42.09 1.86 428 619 27 0.12 83 0.04 
14/091 Core LOZ-1 PS 2491.7 13.3 8.79 83.11 3.52 425 625 26 0.10 66 0.04 
14/092 Core LOZ-1 PS 2493.5 10.2 6.63 61.14 3.43 422 599 34 0.10 65 0.06 
14/093 Core LOZ-1 PS 2494.5 10.9 7.82 69.76 3.45 423 640 32 0.10 72 0.05 
14/094 Core LOZ-1 PS 2495.5 11.1 5.55 69.84 3.30 427 629 30 0.07 50 0.05 
14/095 Core LOZ-1 PS 2496.5 14.4 8.29 87.31 3.48 427 606 24 0.09 58 0.04 
14/096 Core LOZ-1 PS 2497.5 10.0 5.33 62.65 3.06 421 626 31 0.08 53 0.05 
14/097 Core LOZ-1 PS 2498.5 7.2 5.22 41.52 1.74 421 577 24 0.11 73 0.04 
14/098 Core LOZ-1 PS 2500.0 13.0 6.73 81.28 3.18 426 625 24 0.08 52 0.04 
14/099 Core LOZ-1 PS 2501.0 16.2 9.16 100.13 3.19 426 618 20 0.08 57 0.03 
14/100 Core LOZ-1 PS 2502.0 4.5 0.31 0.77 1.77 434 17 39 0.29 7 2.30 
14/101 Core LOZ-1 PS 2503.0 13.2 7.51 86.21 3.14 423 653 24 0.08 57 0.04 
14/102 Core LOZ-1 PS 2504.0 17.7 9.56 104.58 3.28 423 591 19 0.08 54 0.03 
14/103 Core LOZ-1 PS 2505.0 14.8 7.78 89.51 3.07 425 605 21 0.08 53 0.03 
14/104 Core LOZ-1 PS 2506.0 9.3 4.76 64.03 2.78 423 689 30 0.07 51 0.04 
14/105 Core LOZ-1 PS 2507.0 6.8 5.36 41.55 2.63 422 611 39 0.11 79 0.06 
14/106 Core LOZ-1 PS 2508.0 2.7 2.75 13.57 1.78 432 502 66 0.17 102 0.13 
14/107 Core LOZ-1 PS 2509.0 2.4 2.00 10.19 1.80 435 425 75 0.16 83 0.18 
14/108 Core LOZ-1 Aalburg 2510.0 0.7 0.40 1.29 1.42 433 185 203 0.23 57 1.10 
14/109 Core LOZ-1 Aalburg 2511.0 1.2 0.75 2.82 1.42 437 235 118 0.21 62 0.50 
14/110 Core LOZ-1 Aalburg 2512.0 1.0 0.84 2.55 1.37 432 255 137 0.25 84 0.54 
14/111 Core LOZ-1 Aalburg 2513.0 1.4 0.78 2.94 1.49 434 210 106 0.21 56 0.51 
14/112 Core LOZ-1 Aalburg 2514.0 1.4 1.31 3.60 1.43 435 257 102 0.27 94 0.40 
14/113 Core LOZ-1 Aalburg 2515.0 1.3 0.67 2.19 1.50 439 169 115 0.23 51 0.68 
14/114 Core LOZ-1 Aalburg 2516.0 1.1 0.70 3.07 1.45 439 279 132 0.19 64 0.47 
14/115 Core LOZ-1 Aalburg 2516.9 2.6 0.87 2.39 1.94 434 92 75 0.27 33 0.81 
14/116 Core LOZ-1 Aalburg 2518.3 5.4 0.31 1.16 2.32 434 21 43 0.21 6 2.01 
14/117 Core LOZ-1 Aalburg 2519.3 1.4 1.15 3.19 1.53 435 228 109 0.26 82 0.48 
14/118 Core LOZ-1 Aalburg 2520.2 4.0 0.71 2.10 2.01 434 53 50 0.25 18 0.95 
14/119 Core LOZ-1 Aalburg 2522.5 0.9 0.98 2.03 1.36 435 226 151 0.33 109 0.67 
14/120 Core LOZ-1 Aalburg 2523.5 1.1 0.91 2.13 1.50 435 194 137 0.30 83 0.71 
14/121 Core LOZ-1 Aalburg 2524.5 1.0 0.88 1.94 1.49 440 194 149 0.31 88 0.77 
14/122 Core LOZ-1 Aalburg 2525.5 1.0 0.66 1.20 1.49 431 120 149 0.35 66 1.24 
14/123 Core LOZ-1 Aalburg 2528.0 0.8 0.78 1.67 1.47 435 208 184 0.32 98 0.88 
14/124 Core LOZ-1 Aalburg 2530.0 0.8 0.99 1.39 1.08 436 174 135 0.42 124 0.77 
Min. Core LOZ-1 PS \ 2.4 0.31 0.77 1.39 421 17 18 0.06 7 0.03 
Max. Core LOZ-1 PS \ 17.7 9.56 104.58 3.52 443 689 75 0.29 102 2.30 
Avg. Core LOZ-1 PS \ 8.9 4.99 52.20 2.36 427 562 29 0.10 57 0.11 
Wenzen, 
NW-
Germany 
12/1240 Core Wenzen PS 31.50 8.90 1.18 61.85 3.38 423 695 38 0.02 13 0.05 
12/1242 Core Wenzen PS 33.50 8.97 0.68 40.48 2.48 437 451 28 0.02 8 0.06 
12/1245 Core Wenzen PS 36.50 7.18 1.03 50.22 2.96 425 699 41 0.02 14 0.06 
12/1247 Core Wenzen PS 38.50 11.37 1.36 53.80 3.47 437 473 31 0.02 12 0.06 
12/1250 Core Wenzen PS 40.1 8.72 1.29 61.38 3.87 426 704 44 0.02 15 0.06 
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3.5.3 Organic petrography 
Four major types of organic matter (macerals) predominate in Posidonia Shale: telalginite, lamalginite, 
liptodetrinite and bituminite (Littke et al., 1988). Abundant discrete telalginite, lamalginite, and 
liptodetrinite with variable fluorescence colors and intensities are predominant in the PS of SW-Germany 
(Fig. 3.8a, b). Lamalginite and liptodetrinite have the same fluorescence color, but lamalginite is very thin 
compared to liptodetrinite having a lower aspect ratio. Both have probably the same origin 
(phytoplankton). Bright yellow fluorescing color of alginite indicates low thermal maturity. A minor 
contribution of small, autochthonous vitrinite also occurs in the PS often showing sharp edges and 
brownish fluorescence, whereas reworked vitrinite is characterized by round edges, absence of 
fluorescence as well as high reflectivity. Reworked vitrinite particles (derived from an eroded, older and 
more mature source) are by far more abundant than autochthonous vitrinite. Sparse immature bright 
yellowish telalginite (Tasmanites and Leiospaeridales type) occurs as well, but is much less abundant than 
lamalginite and liptodetrinite. Bituminite always shows weak fluorescence (see Fig. 3.8c).  
A similar maceral composition was also observed for the other locations, but liptinite ismore greenish 
(less mature) with low contents of telalginite in the PS of the FA (Fig. 3.8c-d) compared to the SA in SW-
Germany. In contrast, darker yellowish liptinite prevails in the PS of Runswick Bay, UK and LOZ-1, NL, 
indicating higher thermal maturity there (Fig. 3.8e-j). There, indications of generated oil are widespread, 
such as variable, often yellow-orange fluorescence color of alginite (Fig. 3.8f, g, j; see Littke et al., 1988). 
In contrast to rare tasmanite in Runswick Bay, UK, telalginite (tasmanite) is common in the PS of the 
LOZ-1, NL (Fig. 3.8g).  
Additionally, extremely high abundance of small crystals and framboids of pyrite is typical of the PS of 
Runswick Bay, UK (Fig. 3.8e-f).   
As autochthonous vitrinite exists in the Posidonia Shales, vitrinite reflectance measurements are possible. 
Especially, in Runswick Bay, UK more abundant autochthonous vitrinite is observed compared to the 
other localities. According to our measurements, VRr values of the PS are as follows: 0.43-0.57% in the 
SA, SW-Germany; 0.36-0.41% in the FA, SW-Germany; 0.61-0.74% in Runswick Bay, UK; and 0.40-
0.82% in the LOZ-1, NL (Table 3.3) compared to about 0.5 % at Wickensen (Littke et al., 1991a). 
However, it should be noted that maturity is highly variable in northern Germany and the Netherlands, 
reaching the thermal gas generation stage in some areas (Bruns et al., 2014).  
Furthermore care has to be taken, because there is more reworked vitrinite than autochthonous vitrinite 
and thus, interpretation of vitrinite reflectance histograms is difficult. The data obtained in this study do, 
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however, agree well with other maturity information. Nevertheless it has to be assumed that the error in 
each of the average values is up to 0.1% of the value. 
 
Figure 3.8 Microphotographs of the PS. Bright yellow color of alginite is indicative of low maturity 
(VRr<0.6%); dark yellow to orange color of alginite corresponds to early mature stage. All figures are at 
the same scale; the horizontal length is about 200µm. Figures sorted by -1 & -2 represent the same 
position under reflected white light (W) and incident light fluorescence mode (F), respectively. Abundant 
pyrites show bright white color under reflected white light. a&b: SA, SW-Germany; c&d: FA, SW-
Germany; e&f: Runswick Bay, UK; g-j: LOZ-1, NL.  
a- immature small autochthonous vitrinite and discrete lamalginite; b- early mature telalginite 
(tasmanite); c-bituminite; d- telalginite (tasmanite). e- extremely abundant small crystals and framboids 
of pyrite, elongated filaments of alginite; f- lamalginite and small autochthonous vitrinite; g- dark yellow 
to orange telalginite (tasmanite) and elongated filaments of lamalginite; h- bituminite; i- densely packed 
fish remains; j- oil sorbed around alginite exhibiting yellow-orange fluorescence color. 
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Table 3.3 Measured VRr values of the Posidonia Shale from the SA and FA of SW-Germany, Runswick 
Bay of UK and LOZ-1 of NL. 
Locality 
Sample 
No. 
Depth(m) 
Measured 
% VRr 
s (%) 
Measure 
count 
SA, SW-
Germany  
12-1664 20.41 0.44 0.066 31 
12-1669 22.36 0.43 0.074 41 
12-1675 24.30 0.57 0.041 13 
12-1680 26.07 0.51 0.046 18 
12-1684 27.93 0.53 0.052 11 
FA, SW-
Germany 
12-1025 0.22 0.37 0.117 68 
12-1026 0.50 0.41 0.052 22 
12-1027 0.90 0.36 0.034 18 
12-1029 1.70 0.41 0.055 17 
12-1032 2.79 0.39 0.062 23 
12-1033 3.22 0.38 0.015 9 
Runswick 
Bay, UK 
14-131 7.00 0.74 0.070 39 
14-138 5.22 0.66 0.102 130 
14-237 2.82 0.70 0.046 51 
14-238 1.92 0.72 0.104 100 
14-161 -0.20 0.61 0.042 22 
LOZ-1,NL 
14-063 2458.00 0.52 0.088 30 
14-068 2465.50 0.44 0.058 17 
14-074 2472.50 0.40 0.056 31 
14-076 2475.50 0.69 0.077 12 
14-079 2478.50 0.82 0.058 16 
14-085 2485.50 0.41 0.082 17 
14-111 2513.00 0.63 0.088 25 
 
3.5.4 Organic geochemistry 
3.5.4.1 Straight-chain alkanes 
In all samples from the SA and FA, SW-Germany short-chain n-alkanes (n-C13-19) are predominant 
compared to mid (n-C20-26)- and long (n-C27-35)- chain n-alkanes (Fig. 3.9), which is typical for marine 
organic matter derived from algae or bacteria (Han and Calvin, 1969; Peters et al., 2005). Chromatograms 
of aliphatic hydrocarbons display monomodal distribution of n-alkanes and a maximum between n-C13 
and n-C17 for SW-Germany (Fig. 3.9). n-alkanes of intermediate molecular weight (n-C21-25), which are 
reported to originate from aquatic macrophytes (Ficken et al., 2000), show lower concentrations compared 
to the short-chain homologues. Long-chain n-alkanes are known to be major products derived from waxes 
from higher land plants (Eglinton and Hamilton, 1967; Killops and Killops, 2005). Here, ratios of ∑n-C27-
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35/total n-alkanes are accordingly calculated as proxy for the relative abundance of terrigenous organic 
matter input (Table 3.4).  
 
Figure 3.9 Gas chromatograms of the saturated fraction of the Lower Toarcian Shale from the SA and FA, 
SW-Germany. 
In contrast to the PS of SW-Germany, bimodal distributions are displayed in gas chromatograms of 
Runswick Bay, UK, indicating more terrigenous organic matter input. In the LOZ-1 well of NL short-
chain n-alkanes are extremely abundant, especially n-C10 to n-C16 accounting for ca. 80% of all n-alkanes 
(Figs. 3.10, 11). Similar to elevated S1, PI values, these short-chain alkanes can be altered by diesel 
contamination or migrated light hydrocarbons. When light biodegradation occurs, short-chain n-alkanes 
are depleted (Killops and Killops, 2005). According to the gas chromatograms, high abundance of short-
chain n-alkanes at all localities indicates that no obvious biodegradation occurred in the samples. The 
terrigenous/aquatic ratios (TAR) [(n-C27+n-C29+n-C31)/(n-C15+n-C17+n-C19)] (Bourbonniere and Meyers, 
1996) was calculated, as terrestrial plants are dominated by odd-numbered, long-chain n-alkanes, 
especially n-C27, n-C29 and n-C31. Accordingly, the values of TARs of the PS from Runswick Bay, UK, are 
significantly higher compared to other localities.  
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Figure 3.10 Gas chromatograms of the saturated fraction of the Lower Toarcian Shale from Runswick 
Bay, UK and LOZ-1, NL. Light oils/condensates have diffused/migrated into the Posidonia Shale 
Formation in the LOZ-1, NL indicated by the traces. 
Maturity-related parameters including odd-over-even predominance (OEP) and carbon preference index 
(CPI) are calculated, respectively. 
OEP (1) = (n-C21+6·n-C23+n-C25)/(4·n-C22+4·n-C24))  
CPI (1) = 2· (n-C23+n-C25++n-C27+n-C29)/ [n-C22+2· (n-C24+n-C26+n-C28)+n-C30] (Peters et al., 2005)  
Additionally, CPI13-19 based on short-chain n-alkanes of n-C13 to n-C19 was also calculated using the 
formula  
CPI13-19 = [n-C13+2· (n-C15+n-C17) +n-C19]/2· (n-C14+n-C16+n-C18) 
Average CPI (1) and OEP (1) values are close to unity, indicating that at least early oil window maturity 
was reached for most samples (Table 3.4). 
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Table 3.4 Molecular organic geochemical parameters from gas chromatographic analysis of saturated hydrocarbons of the Lower Toarcian Shale 
from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as Wenzen of NW-Germany. 
Locality 
Sample 
No. 
Depth 
(m) 
Pr/Ph Pr/n-C17 Ph/n-C18 
(Pr+Ph)/(n
-C17+n-
C18) 
n-C17 /n-C27 TAR CPI 
OEP(1
) 
CPI 13-
19 
n-C10-20 
/total n-
alkanes 
n-C21-25 
/total n-
alkanes 
n-C26-36 
/total n-
alkanes 
n-C27-35 
/total n-
alkanes 
SA, SW-
Germany 
12-1664 20.41 2.29 1.29 0.91 1.15 8.40 0.15 0.88 1.01 1.04 0.72 0.14 0.14 0.12 
12-1669 22.36 2.02 1.87 1.37 1.67 10.87 0.07 0.89 0.90 1.07 0.84 0.11 0.05 0.04 
12-1670 22.68 1.73 2.16 1.63 1.93 6.05 0.14 0.88 1.02 1.04 0.71 0.19 0.10 0.07 
12-1675 24.30 1.80 2.12 1.63 1.91 4.68 0.13 0.74 0.97 1.13 0.73 0.16 0.11 0.09 
12-1678 25.52 1.68 2.06 1.78 1.95 8.91 0.13 0.95 0.97 1.11 0.77 0.14 0.09 0.07 
12-1680 26.07 2.37 0.76 0.43 0.62 9.20 0.11 1.14 1.12 0.96 0.84 0.11 0.05 0.04 
12-1682 27.25 2.82 2.95 1.54 2.37 24.18 0.04 0.91 1.03 1.10 0.89 0.09 0.03 0.02 
12-1694 33.56 3.30 1.08 0.64 0.93 n.d. 0.00 1.00 1.09 0.82 0.98 0.02 0.00 0.00 
FA , SW-
Germany 
12-1027 0.90 0.69 2.93 6.05 4.21 3.47 0.78 0.99 1.24 1.19 0.57 0.10 0.33 0.31 
12-1032 2.79 1.58 1.81 2.81 2.10 12.26 0.25 0.95 1.27 1.27 0.75 0.12 0.14 0.12 
12-1025 0.22 1.64 3.05 3.96 3.34 64.98 0.04 0.86 1.05 1.12 0.90 0.05 0.04 0.04 
12-1026 0.50 1.09 2.92 6.01 3.87 30.07 0.09 0.85 1.20 1.20 0.81 0.10 0.09 0.08 
12-1033 3.22 1.65 1.17 1.86 1.36 39.34 0.03 0.93 1.32 1.33 0.85 0.11 0.04 0.03 
12-1029 1.70 1.17 2.97 5.71 3.81 23.10 0.09 0.85 1.18 1.23 0.81 0.10 0.09 0.07 
Runswick 
Bay, UK 
14-161 -0.20 1.41 1.32 1.27 1.30 0.70 1.42 1.06 1.02 1.03 0.26 0.13 0.61 0.56 
14-143 3.57 1.55 1.06 0.92 1.00 1.63 0.52 1.08 0.99 1.05 0.60 0.11 0.29 0.26 
14-238 1.92 1.43 0.98 0.94 0.96 2.14 0.48 1.01 1.03 1.04 0.55 0.10 0.35 0.33 
14-237 2.82 1.33 1.23 1.16 1.19 0.53 1.68 1.12 1.08 1.07 0.28 0.15 0.57 0.51 
14-138 5.22 1.46 1.17 1.09 1.14 2.70 0.38 0.97 1.03 1.07 0.62 0.09 0.29 0.27 
14-131 7.00 1.62 0.84 0.73 0.80 6.41 0.15 0.99 1.02 1.06 0.78 0.10 0.12 0.11 
LOZ-1, NL 
14-063 2458.0 1.99 0.44 0.43 0.43 n.d. 0.00 0.84 1.00 0.68 0.99 0.01 0.00 0.00 
14-068 2465.5 1.50 0.70 0.81 0.74 12.34 0.03 1.07 1.03 0.78 0.96 0.02 0.01 0.01 
14-074 2472.5 1.35 0.73 0.84 0.77 10.05 0.03 1.18 1.14 0.74 0.98 0.02 0.01 0.01 
14-079 2478.5 1.69 0.71 0.64 0.68 24.49 0.01 0.80 0.99 0.73 0.97 0.02 0.01 0.00 
14-085 2485.5 1.80 0.80 0.76 0.78 19.86 0.01 0.84 1.03 0.87 0.97 0.03 0.01 0.00 
14-111 2513.0 2.08 0.50 0.39 0.46 12.02 0.02 1.40 1.21 0.67 0.98 0.01 0.01 0.01 
14-094 2495.5 1.60 0.69 0.73 0.71 36.11 0.01 0.80 1.00 0.79 0.97 0.02 0.01 0.00 
14-099 2501.0 1.62 0.91 0.86 0.89 24.15 0.02 0.96 1.04 0.84 0.96 0.03 0.01 0.01 
14-107 2509.0 2.08 0.59 0.45 0.53 21.21 0.01 1.28 1.17 0.72 0.99 0.01 0.00 0.00 
Wenzen, 
NW-
Germany 
12-1240 31.5 1.01 2.35 4.68 3.12 10.70 0.16 0.81 1.07 1.26 0.70 0.12 0.17 0.15 
12-1242 33.5 0.93 2.60 5.01 3.47 7.03 0.17 1.08 1.21 1.28 0.76 0.11 0.13 0.11 
12-1245 36.5 0.94 2.36 4.76 3.18 6.54 0.15 0.92 1.05 1.32 0.71 0.12 0.17 0.15 
12-1247 38.5 1.08 3.42 6.01 4.31 12.93 0.04 0.72 1.18 1.25 0.85 0.10 0.06 0.05 
n.d.=not determined. 
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3.5.4.2 Isoprenoids 
Acyclic isoprenoids are dominated by pristane and phytane; in addition, i-C16, norpristane and farnesane 
are also abundant in all samples (Figs. 3.9, 10). Pristane and phytane are mainly derived from a side chain 
of chlorophyll A in phototrophic organisms and bacteriochlorophyll A and B in purple sulfur bacteria 
(Brooks et al., 1969). Farnesane is believed to derive from farnesol, which occurs in the chlorophyll of 
green sulfur bacteria, e.g., Chlorobiaceae (Holt et al., 1963). Pristane and phytane are generally more 
abundant than adjacent n-alkanes, showing significant predominance for the samples from SW-Germany 
owing to lower thermal maturity, especially in the FA with significantly higher ratios of Pr/n-C17 and 
Ph/n-C18. Pr/Ph ratios vary between 1.68 and 2.82 for the PS from the SA, whereas Lias δ samples show 
higher values. Generally, lower values of Pr/Ph are present in the FA compared to the SA. In contrast, 
pristane and phytane are less abundant than the adjacent n-alkanes in the PS from Runswick Bay, UK, and 
from the LOZ-1, NL (Fig. 3.9, 10; Table 3.4). Pr/Ph ratios are lowest in PS from the Wenzen well, Hils 
Syncline, northern Germany, and Esch-sur-Alzette well, Luxembourg (Song et al., 2014).  
 
Figure 3.11 N-alkanes distributions of the Lower Toarcian shales and marlstones from the SA and FA of 
SW-Germany, Runswick Bay of UK, LOZ-1 of NL and Wenzen of NW-Germany as well as literature data 
of the Esch-sur-Alzette of LU (Song et al., 2014). 
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3.6 Discussion 
3.6.1 Source 
3.6.1.1 Sulfur and total organic carbon 
Hedges and Keil (1995) proposed a direct relationship between the weight percentages of total sulfur (TS; 
predominantly in pyrite) and TOC in modern, non-euxinic marine sediments accumulating below the 
diagenetically active surface horizon. The TOC/TS weight ratio in these normal marine sediments varies 
between about 1.5 and 5.0, with a mean near 2.8 (Hedges and Keil 1995; Lyons and Berner, 1992; Berner, 
1984; Berner and Raiswell, 1983). In contrast, sediments deposited under anoxic-sulfidic (euxinic) 
bottom-water conditions represented by the Black Sea exhibit a non-zero intercept (TS = 0.6 · TOC + 
1.14; Leventhal, 1983). In the plot of TS versus TOC, most samples of the Lower Toarcian shales are 
plotted at ratios between 1.5 and 5.0, which represent normal marine, non-euxinic deposits, except for 
those samples with dramatically high abundance of pyritic sulfur from Runswick Bay, UK (Fig. 3.12).  
 
Figure 3.12 Total sulfur (TS) versus total organic carbon (TOC) of the PS from the SA and FA of SW-
Germany, Runswick Bay of UK, LOZ-1 of NL and Wenzen of NW-Germany as well as literature data of 
the Esch-sur-Alzette, LU (Song et al., 2014). 
The conversion of sulfate into sulfide in the burial reaction mainly results from the activity of sulfate-
reducing bacteria, which strip the oxygen from sulfate using it in the oxidation of organic matter, thereby 
obtaining energy (Holland, 1984). This process usually occurs when the temperatures are well below 100 
°C. The main source of H2S is, consequently, bacterial sulfate reduction (BSR). At higher temperatures 
>100°C thermochemical sulfate reduction (TSR) can take place, e.g., by consumption of anhydrite. 
However, this process is not relevant for the studied sections due to their low thermal maturity, indicating 
that such high temperatures were never reached. Clastic rocks usually contain sufficient iron to precipitate 
the highly reactive H2S as iron sulfide. Where free oxygen is absent from the water column, sulfate 
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reduction can also occur in the water column. Under these circumstances high TS/TOC values can be 
expected such as in the present-day Black Sea (Leventhal, 1983; Sinninghe Damsté and Köster, 1998). 
As a result, the formation of the abundant pyrite in Runswick Bay, UK is ascribed to both (1) adequate 
available hydrous ferric oxides, and (2) sulfate reduction taking place already within the water column. 
Here, the available iron is a key factor for diagenetic sulfur immobilization because under anoxic 
conditions sedimentary iron oxyhydroxides (e.g., lepidocrocite, goethite and hematite) react rapidly with 
dissolved H2S released by sulfate reduction to form insoluble iron monosulfides and eventually, pyrite 
(Berner, 1984; Canfield et al., 1992). Without precipitation by reactive iron, most of the sulfide generated 
by in-situ organic matter breakdown within the ocean water is transported upward into O2-bearing waters 
and is subsequently oxidized to sulfate and lost (Berner, 1984; Hedges & Keil 1995). Therefore, the higher 
sulfur contents detected in the Lower Toacian shales from Runswick Bay of UK can be explained by 
bottom water anoxia and abundant reactive iron (ferric oxides) in the paleoenvironment compared to other 
sampling localities. High iron content is usually related to strong input of clastic material from terrestrial 
sources. 
3.6.1.2 Marine algal vs. terrigenous organic matter input 
In southern Germany, Triassic sediments of predominantly terrestrial and shallow marine origin are 
overlain by marine Lower Jurassic deposits. This evolution towards a more marine dominated setting is 
also observed in other European areas and explained by a marine transgression during the Liassic (Littke 
et al., 1991b). Here, based on molecular n-alkanes distributions and Rock-Eval pyrolysis data relative 
abundance of marine algal and terrigenous organic matter input are evaluated and relative distances to the 
clastic source areas are in turn deduced. 
Irrespective of biodegradation and thermal maturation, higher values of TARs (odd-numbered, long-chain 
n-alkanes, e.g., n-C27, n-C29 and n-C31) imply more terrigenous organic matter input.  These ratios could in 
turn reflect distances to clastic source areas. Among the sampling localities, terrestrial organic matter as 
indicated by TAR vs. ∑n-C27-35/total n-alkanes (Bourbonniere and Meyers, 1996) is most abundant in the 
PS of Runswick Bay of UK followed by the FA of SW-Germany (Fig. 3.13a). Samples from underlying 
and/or overlying formations of the PS are differentiated by Rock-Eval TAR (S3/S2) and OI. However, 
Rock-Eval data are not as sensitive as n-alkanes in identifying terrigenous vs. aquatic organic matter input 
as they depend also on lithological variations to some extent (Fig. 3.13b). Greater terrigenous organic 
matter input is deduced for the Lias delta of the SA, SW-Germany, Werkendam and Aalburg Formation of 
the LOZ-1, NL which is in line with lower HI and higher OI. Additionally, these samples are all organic-
lean with TOC contents of no more than 1.5%. Combining Rock-Eval data and molecular indicators, it 
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becomes obvious (Fig. 3.13a, b, c, d) that terrestrial organic matter input decreases from Runswick, UK 
towards the Swabian Alb, Germany and Esch-sur-Alzette, Luxembourg. For the LOZ-1 of NL, relative 
terrestrial organic matter input from n-alkane distribution cannot be deduced due to diesel impregnation or 
abundance of migrated hydrocarbons which are discussed below in detail.  
 
Figure 3.13 Relative abundances of terrigenous/aquatic organic matter inputs. (a) TAR [(n-C27+n-
C29+n-C31)/(n-C15+n-C17+n-C19)] vs. Σn-C27-35/Σtotal n-alkanes; (b) OI vs. Rock-Eval TAR (S3/S2); 
(c) TAR vs. Rock-Eval TAR (S3/S2); (d) Σn-C27-35/Σtotal n-alkanes vs. OI. Note: N-alkanes implications 
for terrigenous/aquatic ratio are not applicable to those samples of the LOZ-1, NL due to contaminations 
by non-indigenous light oils. 
Based on the relative abundance of terrigenous/aquatic organic matter input, distances to the clastic source 
area are deduced for the different paleogeographic locations. As shown in the paleogeographic map of 
figure 3.1, Runswick Bay of UK is close to clastic source continents and surrounded by three different 
highlands and/or massifs, i.e., Pennine High, Welsh High and London-Brabant Massif. Apparently, more 
terrestrial organic matter could be supplied into Runswick Bay than into the other marine settings. This is 
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also supplemented by organic petrographic observations. In comparison to other localities, autochthonous 
vitrinites were most abundant in the PS from Runswick Bay, UK. Similarly, in the FA more vitrinite was 
observed as compared to the SA and Luxembourg; FA was located at the margin of SW-German Basin 
close to Vindelician High, whereas SA and Luxembourg were farther away from the continent, i.e., the 
clastic source area was closer to FA than to SA and Luxembourg.  
3.6.1.3 Straight chain alkanes and isoprenoids 
Despite pristane and phytane are mainly derived from a side chain of chlorophyll A in phototrophic 
organisms and bacteriochlorophyll A and B in purple sulfur bacteria (Powell and McKirdy, 1973; Brooks 
et al. 1969), reducing (anoxic) conditions are more conducive to cleavage of the phytyl side chain to 
generate phytane, whereas oxic conditions promote the conversion to pristane. In turn, Pr/Ph <1.0 was 
observed to imply more reducing (anoxic) conditions, particularly when accompanied by high sulfur 
contents and vanadyl porphyrins (Didyk et al., 1978; Sundararaman et al., 1993). Very low Pr/Ph ratios 
are commonly associated with anoxic, hypersaline or carbonate environments, especially when Pr/Ph 
<0.8; Pr/Ph >3.0 indicates deposition of terrigenous plant material under oxic to suboxic conditions while 
Pr/Ph in the range between 0.8 and 3.0 should not be used without additional data (Peters et al., 2005). 
Conclusions on the oxicity of the environment of deposition from Pr/Ph ratios should be supported by 
other geochemical and geological data, because (1) many biomolecules may contribute to ratios of Pr/Ph 
in addition to chlorophyll, such as unsaturated isoprenoids in zooplankton, higher animals, tocopherols 
and archaeal ether lipids; (2) co-elution with other isoprenoids can perturb Pr/Ph; (3) within the oil-
generative window, Pr/Ph correlates weakly with depositional redox conditions (Peters et al., 2005). Here, 
because the samples studied show a rather consistent organic matter input and are immature or marginally 
mature for all sampling localities as well as characterized by similar high sulfur contents (2.65-5.47% on 
average), we can compare Pr/Ph ratios and deduce oxygen conditions for the Lower Toarcian PS. 
Accordingly, anoxic (strongly reducing) bottom waters prevailed in the Esch-sur-Alzette, LU and in the 
Hils Syncline, northern Germany, during deposition of the PS. More oxygenated, possibly dysoxic 
conditions can be assumed for the PS in the FA and SA of SW-Germany. Periods of turbulent bottom 
waters, possibly related to storm waves were originally proposed by Littke, et al. (1991b) for the PS of the 
SA because of the observed light-colored, bioturbated intervals which contain less TOC and are 
characterized by lower HI values as compared to northern Germany. More oxygenated bottom water was 
also deduced from nannofacies analysis (Bour et al., 2007). Samples from Runswick Bay of UK and LOZ-
1 of NL uniformly plot within the dysoxic area (Fig. 3.14).   
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Figure 3.14 Pr/Ph ratios of the PS from the SA and FA of SW-Germany, Runswick Bay of UK, LOZ-1 of 
NL and Wenzen of NW-Germany as well as literature data of the Esch-sur-Alzette, LU (Song et al., 2014). 
 
Figure 3.15 Pristane/n-C17 vs. phytane/n-C18 reflecting kerogen type, maturity and depositional 
environment. Field surrounded by dashed line indicates samples above and below the PS as well as 
carbonate layer interbedded in the PS with low TOC content (sample 12-1680, 0.95%). The data of the PS 
from the WWS-1 well, NL are from the public website (www.nlog.nl, 2015, geochemical report well WWS-
1). Note: Samples of the LOZ-1, NL are altered by contaminations of non-indigenous light oils. 
 
 
81 
 
Pristane/n-C17 versus phytane/n-C18 provides information on kerogen type, maturity trends and oxygen 
conditions.  Based on this plot (Fig. 3.15) redox conditions in the bottom water are generally consistent 
with the results from Pr/Ph ratios. Low mature samples from Esch-sur-Alzette, LU (Song et al., 2014) and 
Wenzen, Hils Syncline, northern Germany, plot in the field for more anoxic conditions; PS of the FA, 
SW-Germany, is quite close. The other three localities plot along the transitional depositional environment 
between oxidizing and reducing conditions and are sorted by maturity levels which are discussed in the 
following chapter.  
3.6.2 Thermal maturity 
In marine shales measurements of vitrinite reflectance are often difficult caused by (1) most of the 
observed vitrinite being reworked and moreover (2) small and scarce autochthonous vitrinite is difficult to 
be completely differentiated from the reworked one. Therefore, other maturity proxies are necessary such 
as Rock-Eval pyrolysis data. However, Rock-Eval Tmax is variable depending on the composition of the 
organic matter (kerogen type; organic facies) or mineralogy of the rock (Espitalié et al., 1985). On the 
other hand, if migrated hydrocarbons from other sources are stored in the rock, PI values cannot represent 
thermal maturation levels anymore. Maturity- related molecular organic geochemical indicators often 
depend also on depositional environment and organic facies/kerogen type. Therefore a number of different 
maturity parameters should be used in combination to evaluate thermal maturity of petroleum source rocks 
(other than coal).   
 
For the PS from Runswick Bay, UK, consistent Tmax values (425-438 °C) and VRr data (0.61-0.74%) 
reveal a uniform thermal maturity which is at the early stage of oil generation, supported by a narrow 
range of the PI (0.10-0.19).  Early oil window was also assumed for the Lower Toarcian Shale at Hawsker 
Bottoms based on molecular indicators (French et al., 2014), which is close to Runswick Bay, UK. A 
slightly lower thermal maturity level results for the Posidonia Shale from the SA, SW-Germany and the 
Esch-sur-Alzete, LU. The outcrops of the PS from the FA, SW-Germany, and the Wenzen well, Hils 
Syncline, northern Germany show the lowest thermal maturation among all of these localities as illustrated 
in figure 3.16. However, Posidonia Shale from wells Dielmissen and Harderode from the Hils syncline has 
reached much higher maturity, with Harderode having just passed peak oil generation (Fig. 3.16: d; Littke 
et al., 1991a). 
Molecular indicators for thermal maturity also clearly sort maturation trends for the sampling localities as 
illustrated in the plot of pristane/ n-C17 vs. phytane / n-C18 (Fig. 3.15). However, the organic matter-lean 
samples including Lias Delta of the SA, SW-Germany, as well as Werkendam and Aalburg Formation of 
the LOZ-1, NL, do not follow the general trends of the PS due to their different lithology and kerogen 
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type. This observation proves that best interpretation with respect to maturity using this diagram and other 
biomarker data is possible, if rocks of the same (organic) facies are compared. 
 
Figure 3.16 Maturation indicated by CPI (1), OEP (1) and CPI13-19 vs. (Pr+Ph)/(n-C17+n-C18). a, b & 
c: CPI (1), OEP (1) and CPI13-19 vs. (Pr+Ph)/(n-C17+n-C18) implying maturation levels of the PS from 
the SA and FA of SW-Germany, Runswick Bay of UK, LOZ-1 of NL and Wenzen of NW-Germany. d: Tmax 
vs. VRr, including literature data of the PS from the Esch-sur-Alzette, LU (Song et al., 2014) and Wenzen, 
Dielmissen and Harderode of NW-Germany (average values; Rullkötter et al., 1988) . Note: GC data of 
the LOZ-1, NL are altered by contaminations of non-indigenous light oils. 
Interestingly, the PS of the LOZ-1, NL exhibits significant scatter of vitrinite reflectance (0.40-0.82%) and 
Tmax values (421-443 °C) over a vertical distance of only about 50 m, which corresponds to a wide range 
from immature to peak oil generation (Fig. 3.16d). Variable thermal maturity levels are accordingly 
assumed. On the other hand, low Tmax values (<430°C, i.e., immature) of some samples seem to contradict 
their high PI values (>0.1, i.e., mature). Partly higher and variable maturity is also deduced from saturated 
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hydrocarbon data for well LOZ-1, NL. Predominant short-chain n-alkanes with n-C10 to n-C15 contrast with 
low abundance of mid- to long-chain n-alkanes as well as low abundance of pristane and phytane (Fig. 
3.16a, b, c). All these observations hint towards advanced maturation for the extracts of the PS in well 
LOZ-1, NL.  
There are several different possible explanations for these contradictory results. The most likely 
possibility is that the samples are contaminated. Well LOZ-1 was drilled in 1952/53 and the core was in 
storage a long time before the sampling. Furthermore, according to the weekly drilling report, diesel oil 
was added to the drilling fluid and the GC-FID trace of the samples of LOZ-1 resemble traces of common 
diesel oils. Another possibility could be an alteration of the n-alkane signature by migrated hydrocarbons 
from more mature source.  
In the Waalwijk South-1 well (WWS-1), which is located close to LOZ-1, oil was produced from the 
Cretaceous Delfland Group. Interestingly, the GC pattern of the PS in WWS-1 well, reported for Clyde 
Petroleum in 1993 (www.nlog.nl, 2015) is very similar to that in LOZ-1, even if there is no short-chain n-
alkanes contamination from diesel, because no diesel was added in the drilling fluid. The gas 
chromatograms show a mature pattern (Fig. 3.15) even if the source rock is immature with Tmax of only 
429°C. Short-chain n-alkanes (<n-C20) are extremely abundant, in contrast to scarce mid-long-chain n-
alkanes. Pristane and phytane are both in low abundance, less than the adjacent n-alkanes. Furthermore, 
geochemical analyses of hydrocarbons extracted from the (immature) Aalburg Formation and oil produced 
during drill stem tests within the Cretaceous Delfland Group and Triassic Bunter sandstone showed 
similarities that suggest origin and migration from a common source. Migration of light oil from oil 
window mature Liassic source rocks into low-mature shales and adjacent reservoirs in this part of the 
West Netherlands Basin, could explain the geochemical signature of immature source rocks comprising 
mature n-alkane and isoprenoid pattern.  
However, this does not explain the differences in vitrinite reflectance or Tmax along the studied section of 
LOZ-1. The few, high values of vitrinite reflectance and Tmax occur in the same samples and could be 
related to hydrothermal activity in the studied area.  In the studied well a magmatic dyke was encountered 
in the Lower Jurassic Aalburg Formation approximately 100 m below the base of the Posidonia Shale 
Formation and in the weekly drilling report metamorphosed claystone is mentioned at a depth of 2456.5 to 
2457.5m depth. It is therefore likely, that the higher vitrinite reflectance as well as Rock-Eval results are 
influenced by localized heating, related to a magmatic intrusion as illustrated in figure 3.17.  
Higher S1 values combined with higher PI and BI suggest that significantly more generated bitumen exists 
in UK and NL compared to SW-Germany and LU as well as Wickensen/Wenzen of NW-Germany. 
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Furthermore, since source rock approaches early to peak oil generation when values of PI are 0.1-0.4 
(Peters, 1986), the PS corresponds to the early stage of the oil window in UK and NL. However, major 
contributions to higher S1 values in the studied well LOZ-1, NL are non-indigenous hydrocarbons but 
instead are supposed to be migrated or diesel oils. 
 
Figure 3.17 (a) A simplified model is proposed for magmatic activities locally influencing on thermal 
maturation of the PS from the LOZ-1, NL. (b) Solid bitumen is observed in fractures. (c) Oils observed are 
mainly sorbed around alginite in the very immature samples, e.g. 14-074. (d) Oils with brownish color are 
clearly displayed after being enhanced by red. 
3.6.3 Key factors for shale oil potential 
The petroleum generation potential of a given formation depends on its kerogen quantity, quality and 
maturity as well as thickness of the source rock. According to Demaison and Huizinga (1991) a source 
potential index (SPI) can be calculated as  
SPI = h (𝑆1 + 𝑆2) ρ/1000 
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Where h is thickness (m), (𝑆1 + 𝑆2) (kg HC/t rock) are average values of Rock-Eval parameters and ρ 
(t/m
3
) is source-rock density; SPI is given in t HC /m
2
. 
Table 3.5 summarizes the calculated SPI values for the different locations under the assumption of a 
uniform density of 2.2 g/cm
3
. SPI values for the SA are well-constrained, because thicknesses as well as 
TOC and HI values from adjacent profiles and wells are well known and in the same range (or slightly 
higher, Littke et al., 1991b) than those used here. SPI values for the FA are clearly underestimated, 
because no complete profile from base to top was investigated, but thickness is probably not much higher 
than at SA. Values for northern Germany are well constrained but also a lower limit estimate, because 
complete PS sections tend to be 30 to 40 m thick (Littke et al., 1991a) and probably even thicker in salt 
margin basins further north. In NL and UK the lower part of the Posidonia Shale and the Jet Rock, 
respectively, are the most organic matter-rich unit, but underlying and overlying units also contain 
abundant organic matter, adding to the petroleum potential. These additional units were partly considered 
in our calculation (Table 3.5). It should be noted that from adjacent wells to LOZ-1 in NL, lower thickness 
is reported, e.g., 25 m for WWS-1 and 20 m for SPRANG-1. Clearly, according to thickness in this study 
and organic matter quantity and quality, areas in NL, northern Germany and Luxembourg have a very 
high potential, which is lower (due to limited thickness) in southern Germany and possibly also in the UK. 
Table 3.5 SPI calculated based on our studied sections of the PS in the SA and FA of SW-Germany, 
Runswick Bay of UK and LOZ-1 of NL as well as literature data of the Esch-sur-Alzette of LU (Song et al., 
2014) and Wickensen core of NW-Germany (Littke et al., 1991a). 
Items 
SA, SW-
Germany 
FA, SW-
Germany 
Runswic
k Bay, 
UK 
LOZ-
1, NL 
Esch-sur-
Alzette, 
LU  
Wickensen, 
NW-
Germany 
h [m; thickness] 8 4 11 49 25 27 
(𝑆1 + 𝑆2) [kg HC/t 
rock] 
33 61 41 57 39 65 
ρ  [t/m3] 2.20 2.20 2.20 2.20 2.20 2.20 
SPI [t HC/m
2
] 0.58 0.53 0.99 6.17 2.14 3.83 
 
Another important aspect is thermal maturity, which is low all over southern Germany and Luxembourg. 
In that area, only the PS within the Upper Rhine Graben shows higher maturation leading to significant oil 
generation due to deep burial in the Post-Eocene graben (Böcker and Littke, 2014). In UK advanced levels 
of maturation are proven for our study area. Higher levels of maturation can also be expected within the 
North Sea graben systems due to deep burial there and in the deeper areas of the tilted fault blocks of the 
West Netherlands Basin (van Bergen et al., 2013). In northern Germany, thermal maturation is highly 
variable, partly within the gas window (Bruns et al., 2014) providing multiple opportunities for 
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exploration. Whereas this study provides a first large scale comparison of the Posidonia Shale 
geochemistry and petrology based on the analysis of numerous samples, the basin modelling studies 
mentioned above provide detailed insight into maturity distribution and the dynamics of petroleum 
generation including marginal outcrop areas and deep basin centers.  
In addition to petroleum generation potential and thermal maturity, adsorption capacity, and 
porosity/permeability are important for shale oil and shale gas potential (Jarvie, 2012a, b). Theoretically, 
expulsion efficiencies of source rocks are very high, up to 86% at 0.9% VRr in the case of the Lias  
shales in the Hils syncline, northern Germany (Rullkötter et al., 1988). Furthermore, expulsion is believed 
to start at a relatively early maturation stage, and that only a small portion of the generated material 
remains in the source rock even at a relatively early stage of generation (0.68%VRr), i.e., the capacity of 
the source rock pores for the storage of hydrocarbons is soon exceeded (Rullkötter et al., 1988). These 
observation, however, were made on PS profiles from shallow boreholes, where the PS was drilled at 
about 50 to 100 m below surface. At such shallow depth, adsorption capacity is drastically diminished 
(Gasparik et al., 2014) making predictions about the situation at great depth (2000 to 3000 m), where most 
shale oil and shale gas operations take place difficult. Recent investigations show that free pore space 
increase between peak oil generation stage and the gas generation stage due to generation of secondary 
porosity within organic matter and due to microfracturing (Mastalerz et al., 2013; Ghanizadeh et al., 
2014). The effect of this on shale oil potential has to be investigated in more detail. 
When generated hydrocarbons are not expelled or no additional migrated hydrocarbons from other sources 
exist in oil shales, S1 and TOC are linearly correlated with high coefficient of determination (R
2
), e.g., in 
immature Posidonia Shale and Woodford Shale (Micelli Romero and Philp, 2012) (Fig. 3.18). The strong 
correlation is observed to decrease with increasing thermal maturity and hydrocarbon loss (i.e., expulsion) 
expressed by lower values of R
2
. Generally, when Tmax<435°C, S1 and TOC often exhibit an excellent 
linear correlation, similar to S2 and TOC (Fig. 3.18). Clearly, lithological transitions, e.g., limestone layers 
interbedded in the PS of SA, SW-Germany, also exhibit a great influence on the correlation of S1 and 
TOC. In any case the excellent correlation between S1 and TOC would not be expected, if porosity would 
be the limiting factor for presence of S1 hydrocarbons. Instead it seems to reflect sorbed hydrocarbons on 
kerogen surface and the excellent correlation suggests that hydrocarbons are mainly sorbed on kerogen 
rather than clay minerals as illustrated in figure 3.17. 
In summary, source potential index (SPI) indicates the highest value in the LOZ-1, NL followed by 
Wickensen, NW-Germany and Esch-sur-Alzette, LU, mainly due to differences in thickness of our studied 
sections. The lowest value was observed in SW-Germany. The Lower Toarcian (Jet Rock) in Runswick 
Bay, UK, is assumed to have a high shale oil potential because of its advanced thermal maturity, although 
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its SPI is not high due to the limited thickness of the section studied. The PS in SW-Germany does not 
have a good shale oil potential due to both low thermal maturity and limited thickness.  
 
Figure 3.18 Correlations of S1, S2, S3 and TOC for the PS from the SA and FA of SW-Germany, Runswick 
Bay of UK, LOZ-1 of NL and literature data of the Woodford Shale (Micelli Romero and Philp, 2012). 
Ranges of Rock-Eval and TOC values for evaluating petroleum generative potential are after Baskin 
(1997). 
One important aspect is the question on how representative the data obtained are for the Posidonia Shale 
in the entire basin. Clearly, there is variability in facies and thickness in each of the discussed sub-basins 
(Table 3.6). However, to the best of our knowledge, Posidonia Shale is quite thin in southern Germany as 
compared to, for example, northern Germany, for which a thickness of 35 to 40 m can be assumed over 
wide areas, sometimes even thicker. Also average TOC contents and HI values are higher in northern than 
in southern Germany, so that the data reported here seem to be representative of the respective study areas. 
The thickness of the Posidonia Shale in the Netherlands is 34 m on average, varying between 10 and 46 m, 
which can be found in the inverted Jurassic rift basins in the on- and offshore (de Jager and Geluk, 2007). 
The lateral variability of the thickness is thought to be mainly due to faulting and erosion but not to 
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differences in deposition. The Posidonia Shale Formation in the Netherlands shows a very good 
correlation to that in southern Germany and to the Jet Rock Formation in the UK based on stable carbon 
isotopes (Zijp et al., 2015). With typical type II kerogen, the source rock indicates an average TOC of 
10% and a hydrogen index of up to ca. 600 mg HC/g TOC. According to van Bergen et al. (2013), the 
modelled maturity of the Posidonia Shale Formation in the Netherlands is around 0.8% but can locally 
reach up to 1.3% VR in the onshore, whereas in the offshore the maturity is a little higher and can reach 
up to 2% VR.  In the UK, the Toarcian Whitby Mudstone Formation, including Grey Shale, Mulgrave 
Shale and Alum Shale Member, is ca. 70 m (< ca. 105 m) thick in the hanging wall of the synsedimentary 
Peak fault and crops out along the coast between Blackenberry Wyke and Sandsend, and Whitby East 
Cliff to White Stone Hole (Imber et al., 2014). According to Imber et al. (2014), Jet Rock thickness in the 
Cleveland Basin is less than 10 m with an average TOC of 6.5 % whereas total thickness of the overlying 
bituminous shales is about 20 m, but TOC is much lower there. In contrast, in the Tethyan realm towards 
the south, the Early Toarcian black shales are much less developed (Baudin et al., 1990) and black shales 
are partly more abundant in the Pliensbachian rather than Toarcian, e.g., in western Portugal and northern 
Morocco (Sachse et al., 2012a). Differences in thermal maturity are obviously large within all the 
subbasins, but most pronounced in the southern Lower Saxony Basin, northern Germany, and in the young 
graben systems, e.g., in the North Sea. 
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Table 3.6 The Posidonia Shale in NW Europe compared to North American oil and gas shales. 
Oil/gas 
shales 
Basin Str. Age Lithology 
Thickness 
(m) 
TOC 
(%) 
Carbonate 
(%) 
Depositional 
environment 
Remarks 
HIo 
[mgHC/gTOC] 
GOC 
(%) 
Reference 
Posidonia 
Shale, The 
Netherlands 
West 
Netherlands 
Basin 
Early 
Jurassic 
Laminated mudstones 
with few calcareous 
interbeds 
10-46 
(avg. 34) 
2-18 
(avg.9) 
3-44 (avg. 
15) 
epicontinental sea 
variable thermal 
maturation in a narrow 
depth interval (<50m); 
non-indigenous 
hydrocarbons 
582* 49 
This 
study; de 
Jager and 
Geluk 
(2007); 
van 
Bergen et 
al. (2013); 
Zijp et al. 
(2015)  
Posidonia 
Shale 
(Whitby 
Mudstone 
Formation), 
Runswick 
Bay, UK 
Cleveland 
Basin 
Early 
Jurassic 
Laminated mudstones 
and bituminous 
shales, few limestone 
concretions 
70-105 
(Jet Rock 
<10)  
2-19 
(avg. 
6) 
3-80 (avg. 
11) 
epicontinental sea 
limestone concretions in  
fossiliferous, dark 
brown, organic-rich Jet 
Rock 
n.d. n.d. 
This 
study; 
Imber et 
al. (2014) 
Posidonia 
Shale, 
southern 
Germany 
SW-
German 
Basin 
Early 
Jurassic 
Shale and marlstone; 
partly laminated 
5-20 
<1–14 
(avg. 
6) 
avg. 40 epicontinental sea 
widespread 
limestones 
520* 44 
This 
study; 
Song et al. 
(2014) 
Posidonia 
Shale, 
northern 
Germany 
NW-
German 
Basin 
Early 
Jurassic 
Laminated shale and 
marlstone 
20-50** 
1-15 
(avg. 
10) 
35-61 epicontinental sea 
Upper shale, lower 
marlstone 
units 
663 (Wenzen) 56 
This 
study; 
Song et al. 
(2014); 
Rullkötter 
et al. 
(1988); 
BGR 2012 
Posidonia 
Shale, 
Luxembourg 
NE Paris 
Basin 
(110000 
km²) 
Early 
Jurassic 
laminated mudstones 
with some calcareous 
interbeds; pyrite 
nodules; granular 
gypsum; silt 
33 
3-14 
(avg. 
7) 
4-62 (avg. 
28) 
transgressive-
highstand systems 
tract 
anoxic (euxinic) to 
dysoxic conditions; high-
salinity conditions; water 
density stratification; 
rich in carbonate; 
abundant pyrite; 
Toarcian OAE; negative 
carbon isotope excursion 
of-6 ‰ (δ13C Ccarb) 
600* 49 
Song et al. 
(2014) 
and 
references 
therein 
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Woodford 
Shale, 
southeastern 
Oklahoma 
Anadarko 
Basin (ca. 
130000 
km²) 
Devonian 
siliceous mudrock, 
clayey mudrock, 
clayey, siliceous 
mudrock, organic-
poor clayey mudrock 
15-100 
5-15 
(avg. 
9) 
5-15 
(dolomite) 
transgressive systems 
tract (Lower and 
Middle Woodford) 
and highstand 
systems tract (Upper 
Woodford) 
anoxic to dysoxic 
conditions; photic zone 
anoxia (PZA); high-
salinity; water density 
stratification 
556* 47 
Barnett 
Shale, Texas 
Fort Worth 
Basin 
(38100 km²) 
Mississippi
an 
heterogeneous 
mudrock lithofacies: 
1) black shale, 2) lime 
grainstone, 3) 
calcareous black 
shale, 4) dolomitic 
black shale, and 5) 
phosphatic black shale 
15-305 
<1-10 
(avg. 
4) 
6 - 80 
(avg. 25) 
2nd order sea-level 
highstand (Osagean 
to Chesterian, 320-
345 Ma) 
deeper water, euxinic, 
foreland basin; below the 
storm-wave base 
434 37 
Bakken 
Shale, 
northern US 
and Canada 
Williston 
Basin 
(520000 
km²) 
Devonian / 
Mississippi
an 
Organic-rich, dark 
grey to black, 
carbonaceous, pyritic 
shales (Lower and 
Upper Bakken 
Members)  light gray 
to tan, 
microcrystalline, silty, 
argillaceous dolomite 
with sandstone lenses, 
cement overgrowths 
and disseminated 
pyrite (Middle 
Bakken Member) 
1 - > 43 
(avg. 10) 
<1 - 35 
(avg. 
15) 
0 - 91 
(avg. 7) 
transgressive 
offshore marine 
(Upper and Lower 
Bakken black shales); 
regressive offshore 
marine to tidal 
(Middle 
Bakken/Sappington 
Member) 
stratified water column; 
photic zone anoxia; 
productivity anoxic event 
680* 58 
Eagle Ford 
Shale, Texas 
ca. 52000 
km² 
Late 
Cretaceous 
Massive or laminated 
mudrocks 
(argillaceous to  
calcareous, 
foraminiferal), 
wackestones, 
packstones; kaolinitic 
claystones 
<15 - 
>150 
<1 - 12 
(avg. 
4) 
9 - 90 
(avg. 57) 
transgressive systems 
tract (Lower Eagle 
Ford) to highstand 
systems tract (Upper 
Eagle Ford) 
Cenomanian/Turonian 
OAE, positive carbon 
isotope excursion of ca. 
2‰ (δ13C Ccarb) 
868* 74 
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A detailed comparison of the Posidonia Shale with shale oil producing petroleum source rocks from North 
America is provided in Table 3.6. The original HI (HIo) calculated as average from samples with Tmax < 
430 °C as well as generative organic carbon (GOC) of the Posidonia Shale in NW Europe indicate a high 
petroleum generation potential which is similar to the prolific oil/gas shales in North America. 
Lithological composition as well as amount and source rock characteristics of organic matter are variable 
and show no clear trend for different shales: some of them are rich in silica whereas others are rich in 
carbonate. The PS in Germany and Luxembourg is more enriched in carbonate in contrast to high silicate 
contents in the UK and NL. Rock brittleness is typically enhanced by high silica (quartz) and low clay 
content; this is regarded very important for the production from the best shale-gas and shale-oil resource 
systems (Jarvie 2012a, b). 
3.7 Conclusions 
The Lower Toarcian Posidonia Shale was studied based on numerous samples from different subbasins. 
This study gives insight into variability of e.g., thickness, organic facies, kerogen type, and source rock 
mineralogy over a wide area. Such data provides important information on heterogeneity of shale resource 
systems and in particular of oil shales which can be important for future exploration and production.  
The Lower Toarcian Posidonia Shale is more carbonate-rich in Germany and Luxembourg, and is instead 
more silicate-rich in UK and NL. However, HI values are similar at all sampling localities, with 500-700 
mg HC/g TOC on average, indicating typical type II kerogen. A mix of predominant marine algal and 
small amounts of terrigenous organic matter exhibits excellent hydrocarbon generation potential. 
Nevertheless, changes in abundance of terrigenous organic matter input were observed for the different 
sampling localities. In general, more terrestrial organic matter is present in Runswick Bay, UK compared 
to other localities.  
The thermal maturity of the Lower Toarcian Shale in Runswick Bay, UK approaches the main phase of oil 
generation with VRr 0.61-0.74%. Based on uniform Tmax values (425-438°C, ave. 433 °C) and a narrow 
range of PI (0.10-0.19), hydrocarbons have been generated from the Posidonia Shale to some extent. 
Telalginite and lamalginite indicating dark yellow to orange fluorescing colors also substantiate the early 
stage of oil generation. In contrast, the Lower Toarcian Shale in the SA and FA of SW-Germany, Wenzen 
and Wickensen wells from northern Germany and Esch-sur-Alzette of LU are definitely still in the 
immature stage. Anomalously, variable thermal maturation is observed for the Posidonia Shale Formation 
of the LOZ-1, NL. One possible reason for the unexpected result within a narrow depth interval (<50m) is 
intrusion by hydrothermal/magmatic activity. However, the increased PI detected in the entire formation 
points to presence of non-indigenous hydrocarbons, especially for those samples with low maturity. This 
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is strongly supported by the molecular pattern of non-aromatic hydrocarbons which indicate extensive low 
molecular weight compounds with short-chain n-alkanes extending from n-C10 to n-C16 and a sharp 
decrease in hydrocarbons towards the heavier waxier components (>n-C20). The detected non-indigenous 
hydrocarbons are probably laterally migrated oil from adjacent more mature areas in the Posidonia Shale 
Formation. Other possible sources are contamination by diesel, added to the drilling fluid and locally 
generated hydrocarbons due to hot water on fractures related to magmatic intrusions.  
The petroleum generation potential of the PS is high in all studied regions due to the high TOC and 
Hydrogen Index. However, differences exist which can be expressed by SPI values. The latter are highest 
for northern Germany, where the PS is richest in TOC and has the highest HI values combined with a 
thickness of 30 to 40 m at most places. Lower values result for the PS in southern Germany and 
Luxembourg as well as UK, although a greater thickness than that observed at Runswick Bay may occur 
at other places. A very high potential is also attributed to the PS in The Netherlands mainly due to its 
thickness which is, however, variable. There, also advanced maturation levels have been found, which are 
restricted to a small depth interval where the PS has clearly reached oil window maturity. Uniform, 
advanced thermal maturity within the oil window is deduced for the Cleveland Basin, UK. In northern 
Germany, the PS ranges from immature to gas window mature (Rullkötter et al., 1988; Bruns et al., 2014) 
and can accordingly be regarded as excellent target for both shale oil and shale gas exploration. In 
southern Germany, highest maturities can be expected in the Upper Rhine Graben, where Tertiary 
subsidence enhanced PS maturity leading to oil generation (Böcker and Littke, 2015). 
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4 Organic geochemistry of the Lower Toarcian Posidonia Shale in NW 
Europe 
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Abstract 
The organic-rich Lower Toarcian Posidonia Shale represents one of the most widespread petroleum source 
rocks in Europe. Information on depositional conditions is encoded in the well preserved organic matter. 
A suite of drilling core and outcrop samples of the Lower Toarcian Posidonia Shale (PS) was collected 
from different locations in Europe including Germany (Swabian Alb (SA) and Franconian Alb (FA) of 
southern Germany, Wenzen well (WEN) of Hils syncline, northern Germany), Great Britain (Runswick 
Bay), Netherlands (Loon op Zand well (LOZ-1)) and Luxembourg  (Esch-sur-Alzette). Organic 
geochemical characteristics were comprehensively analyzed and compared for these six different sampling 
localities on a series of sterane, hopane and aromatic biomarkers. Results indicate that highest thermal 
maturity occurs in the PS of Runswick Bay, UK, equivalent to ca. 0.7% VRr, whereas samples from other 
sampling localities did not exceed the early stage of oil generation or are immature with merely slight 
variations. 
Three different types of redox conditions are differentiated based on a series of environment-diagnostic 
biomarkers during deposition of the PS from the six sampling localities, which are in regard to the balance 
between Fe
2+
 and H2S as well as free O2: (1) Ferruginous conditions are discriminated by low 
dibenzothiophene/phenanthrene (D/P) ratio(<0.2) and gammacerane index (<0.1) in Runswick Bay, UK, 
and LOZ-1, NL, accompanied by high sulfur content and abundant tiny pyrites (>95% of < 7 µm in 
diameter) which are postulated to be generated within the water column due to immediate reaction of  Fe
2+
 
and H2S (bacterial sulfate reduction), which is especially typical for the UK site. (2) In contrast to the iron-
rich, low-sulfidic conditions, sulfidic (euxinic) bottom waters possibly with enhanced water salinity and 
stratified water column prevailed due to more restricted iron supply in the Esch-sur-Alzette of LU, as well 
as in the FA of SW-Germany and WEN of northern Germany. This is supported by higher D/P ratio (>0.5) 
and gammacerane index (>0.1). (3) A more oxygenated (dysoxic-oxic) water column associated with 
anoxic sediments (anoxic/dysoxic boundary close to the sediment/water interface) is perceived to have 
prevailed during deposition of the PS from the SA of SW-Germany.  
  
 
 
95 
 
4.1 Introduction 
The Jurassic Posidonia Shale (PS) has long been known as one of the most important and most widespread 
petroleum source rocks in Europe (Kauffman, 1981; Littke et al., 1991a, b; Jenkyns, 1985) and also as a 
geological treasure containing an excellent fossil inventory, including chemofossils (biomarkers). Well-
preserved organic matter can provide important insight into depositional conditions and paleoenvironment 
as well as paleoclimate (Sundararaman et al., 1993; Hesselbo and Pienkowski, 2011).  
In a previous study, the PS samples from six sampling localities, i.e., the Swabian Alb (SA) and 
Franconian Alb (FA) of SW-Germany, Runswick Bay of UK, Loon op Zand well (LOZ-1) of the West 
Netherlands Basin, Wickensen/Wenzen of NW-Germany as well as Esch-sur-Alzette, Luxembourg (LU) 
(Fig. 4.1), have been comprehensively studied with respect to shale oil potential and thermal maturity 
based on organic petrology and bulk organic geochemistry (Song et al., 2015). The PS from all sampling 
localities was found to be rich in organic matter with average values of 6-10 wt. % TOC. Maturity 
assessment indicated that significant initial petroleum generation has occurred in the PS from Runswick 
Bay, UK,  whereas variable thermal maturation from immature to peak oil generation stage occurred 
within a narrow depth interval (<50 m) in the West Netherlands Basin, which was believed to be 
associated with magmatic/hydrothermal events affecting the PS only spot-like. The PS from the other 
sampling localities including the SA and FA of SW-Germany, the Esch-sur-Alzette, LU and 
Wickensen/Wenzen of NW-Germany were found to be immature or very early mature with VRr values 
not exceeding 0.6%. Detailed information about basic geochemical data is summarized in Table 1. Redox 
conditions were also roughly deduced based on Pr/Ph ratios (Song et al., 2015; Table 4.1), indicating that 
strongly reducing conditions prevailed in Esch-sur-Alzette, LU, and to a lesser extent in NW-Germany 
and the FA of SW-Germany as well as Runswick Bay, UK and LOZ-1, NL. A more dysoxic environment 
was concluded for the SA of SW-Germany. 
Investigation of paleo redox conditions in oceans has long been a focus of organic and inorganic 
geochemistry. During deposition of organic-rich black shales, anoxic environments usually characterized 
by bottom water H2S (i.e. euxinic/sulfidic conditions) are thought to be most widespread (Küspert, 1982; 
Janicke, 1990; Jenkyns and Clayton, 1997; Lyons et al., 2009; Jenkyns, 2010). However, in contrast to 
strongly reducing conditions, some geologists argued that periodically oxygenated bottom water or even 
storm events might have affected deposition of black shales, e.g. Posidonia Shale (PS) in SW-Germany 
and NW-Germany (Kauffman, 1981; Littke et al., 1991b; Sundararaman et al., 1993; Röhl et al., 2001; 
Frimmel et al., 2004; Röhl and Schmid-Röhl, 2005; Bour et al., 2007).  
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Figure 4.1 Sinemurian-Aalenian paleogeographic map. Modified after Littke et al. (1991a) and Song et al. 
(2015). NW European seaway during the early Jurassic is after Trabucho-Alexandre et al. (2012) and 
Hesselbo et al. (2000). Sampling locations: SA, Swabian Alb; FA, Franconian Alb; RW, Runswick Bay; 
LOZ-1, Loon op Zand-1 well; EsA, Esch-sur-Alzette (Song et al., 2014); WEN, Wenzen well, NW-
Germany. Abbreviations: SP, Shetland Platform; GH, Grampian Highlands; PH, Pennine High; WH, 
Welsh High; AM, Armorican Massif; LBM, London-Brabant Massif; RM, Rhenish Massif; MC, Massif 
Central; F, Fuenen High; BM, Bohemian Massif; VH, Vindelician High; PB, Paris Basin; SGB, SW-
German Basin; CB, Cleveland Basin; DCG, Dutch Central Graben; WNB, West Netherlands Basin. 
Table 4.1 Geochemical data of organic matter in average values in the studied sections of the PS from all 
sampling localities (Song et al., 2015). Average values of VRr and Tmax of Wenzen, NW-Germany are 
after Rullkötter et al. (1988b). 
Items 
TOC 
(wt. %) 
Carbonate 
(wt. %) 
Sulfur 
(wt. %) 
VRr 
(%) 
Tmax 
(°C) 
Pr/Ph 
SA, SW-Germany 6 (22*) 33 3.1 0.50 427 >1.5-3.0 
FA, SW-Germany 10 (10*) 39 3.3 0.39 422 <1.0-1.7 
Runswick Bay, UK 6 (48*) 11 5.5 0.69 433 1.0-2.0 
LOZ-1, NL 9 (44*) 15 3.6 0.56 427 1.0-2.0 
Esch-sur-Alzette, LU  7 (68*) 28 2.7 0.55 426 <1.0 
Wenzen/Wickensen, 
NW-Germany 
9 (83*) 24 3.3 0.48 423 <1.0 
          * numbers of calculated samples. 
In the present study, PS samples from six different sampling localities in Europe, previously studied by 
Song et al. (2015), are subjected to more detailed molecular organic geochemical analyses and compared 
in order to decipher variations in redox conditions and depositional environment. Detailed biomarker 
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information on thermal maturity was also used to improve understanding of maturation levels of the PS 
from the sampling localities. 
4.2 Geological background 
The Neotethyan shelf was located near the tropic of Cancer during the Early Jurassic. Present-day Europe 
was on the broad and extensive Laurussian continental shelf that opened towards the southeast into the 
deep Tethyan Ocean (Fig. 4.1). This shallow shelf area comprised various islands of variable sizes, 
submarine sills and deeper subbasins and represented the NW European seaway, connecting the Arctic 
Sea and the Neo-Tethys. In combination with global climate and ocean currents, the diversity of these 
topographical features led to (episodic) restriction of water circulation across the shallow shelf sea 
(Murris, 1980; Ziegler, 1988; Schwark and Frimmel, 2004; Trabucho-Alexandre et al., 2012). The 
resulting organic matter-rich Lower Toarcian Posidonia marlstones and shales are widely distributed in 
northwestern Europe.  
In Germany, the stratigraphy of the Toarcian is divided into two lithostratigraphic units, Lias ε (i.e. 
Posidonia Shale) and Lias ζ. Whereas the Lias ε (Posidonia Shale) is rich in organic carbon, the over- and 
underlying units have only low to moderate organic carbon content. Based on a study of several shallow 
cores in the Swabian Alb, southern Germany, the Posidonia Shale reached the maturation level of onset of 
petroleum formation (Littke et al., 1991b). In northern Germany, the Posidonia Shale is widespread in the 
subsurface of the North German Basin acting as source rock for numerous oil fields including the largest 
German oil field Mittelplate (Rodon and Littke, 2005). In the Lower Saxony Basin, maturity ranges from 
immature to overmature over a distance of just several tens of kilometers (Rullkötter et al., 1988; Bruns et 
al., 2014). 
In the UK, excellent coastal exposures of the Jurassic outcrops on the Yorkshire coast have attracted 
paleontologists, stratigraphers, sedimentologists and geochemists, using it as a natural geological 
laboratory. The studied outcrop of Runswick Bay in the Cleveland Basin is one of these locations (Fig. 1). 
The Mulgrave Shale Member, corresponding to the falciferum biozone of the PS, is subdivided into two 
units, i.e. Jet Rock and Bituminous Shales. The Jet Rock is a fossiliferous, dark brown, laminated 
carbonaceous shale unit with limestone concretions. These shales are organic matter-rich and approach oil 
window maturity; the overlying Bituminous Shales and underlying Grey Shales show locally enhanced 
organic carbon contents, but generally lower values than the Jet Rock (Palliani et al., 2002).  
The studied well LOZ-1 is situated in the West Netherlands Basin (WNB) which is in the NW–SE block-
faulted transtensional system comprising the Roer Valley Graben, the Central and West Netherlands 
Basins and the Broad Fourteens Basin (Pieńkowski et al., 2008; Verreussel et al., 2013; Song et al., 2015). 
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Frequent magmatic activities have been proven in the Dutch subsurface (van der Sijp, 1953; Dixon et al., 
1981; Herngreen et al., 1991; Sissingh, 2004). Intrusions, such as dykes and sills, have been found in 
several wells in the West Netherlands Basin including the well LOZ-1 where it penetrated the Altena 
Formation, about 100m below the base of the Posidonia Shale Formation.  
4.3 Methods 
4.3.1 Samples 
Seven core samples of the PS formation were selected from a well of the SA, SW-Germany, at depths 
between 18.92 and 27.25m, six samples from a shallow core from the FA (well Schesslitz K3/85), SW-
Germany, seven deep core samples from the well LOZ-1, West Netherlands Basin, the Netherlands, at 
depths from 2458.0 to 2530.0 m, six outcrop samples from Runswick Bay, Cleveland Basin, UK, four 
samples from Wenzen well, Hils Syncline, NW-Germany, and eleven samples from the Esch-sur-Alzette 
well, Luxembourg, including some published results by Song et al. (2014) for comparison. More details 
concerning the sample information can be found in Song et al. (2015). 
4.3.2 GC-MS 
Approx. 10 g of each powdered sample were extracted by ultra-sonication with 40 ml of dichloromethane. 
Extracts were separated into three fractions by column chromatography using an activated micro column 
packed with silica gel and eluents of different polarity: 5 mL pentane for the aliphatic fraction, 5 mL 
pentane/DCM (40:60 v:v) for the aromatic fraction and 5 ml methanol for the resins and asphaltenes.  
GC-MS analyses were performed on a Finnigan MAT 95 mass spectrometer linked to a Hewlett Packard 
Series II 5890 GC equipped with a 30 m×0.25 mm×0.25 μm i.d. film Zebron ZB-1 fused silica column. 
The mass spectrometer was operated in electron ionization (EI
+
) mode with ionization energy of 70 eV 
and a source temperature of 200 °C, scanning from m/z 35 to 700 at 0.5 s/decade with an inter scan time 
of 0.1 s. Helium was used as carrier gas at a velocity of 35 cm/s. For the aliphatic fraction, the oven 
temperature was programmed from 80 (isothermal time 3 min) to 310 °C at 3 °C /min.  
The aromatic fraction was measured on the same GC-MS system as aliphatic fraction described above but 
with a different temperature program which was as follows: 70 (isothermal time 3 min) to 140°C at a rate 
of 10°C/min, followed by a second heating from 140 to 320°C at a rate of 3°C /min and an isothermal 
time at 320°C for 10 min. 
All molecular ratios were calculated based on peak areas of specific ion chromatograms. Identification of 
compounds was done by comparison of mass spectra and retention time with those of reference material 
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and/or with mass spectral databases and published spectra or published gas chromatographic elution 
orders.  
4.4 Results 
4.4.1 Aliphatic fractions 
4.4.1.1 Steranes 
Steranes were identified using characteristic ion chromatograms (Table 4.2; Fig. 4.2). The ratio C29ααα 
20S/ (20S+20R) varies between 0.26 and 0.30 in the SA, similar to samples from Luxembourg (Song et 
al., 2014), below the thermal equilibrium which is 0.52-0.55 at about 0.8% vitrinite reflectance (VRr; 
Peters et al. 2005). Values are even lower in the FA at 0.11-0.27, in the Wenzen well, at 0.21-0.31, and in 
the LOZ-1, NL, at 0.11-0.26. However, values are higher (up to 0.49) in Runswick Bay, approaching 
equilibrium. Ratios of C29 ββ/ (αα+ββ) are less variable and with values of 0.67~0.71 far from the 
equilibrium reached at about 0.9% VRr (Peters et al. 2005).  
 
Figure 4.2 Examplary distributions of steranes (m/z 217) of the PS in the SA and FA of SW-Germany, 
Runswick Bay of UK and LOZ-1 of NL. Peak identification is presented in Table 4.2. 
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Table 4.2 Identified isomers of steranes measured using m/z 217 for the PS in the SA and FA of SW-
Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL. 
Peak No. Compound Configuration Mass Formula 
1 C27-13β(H), 17α(H)-diacholestane (20S) 27βα(20S) 372 C27H48 
2 C27-13β(H), 17α(H)-diacholestane (20R) 27βα(20R) 372 C27H48 
3 C27-14α(H), 17α(H)-cholestane (20S) 27ααα(20S) 372 C27H48 
4 
C29-24-ethyl-13β(H), 17α(H)-diacholestane (20S) +C27-
14β(H), 17β(H)-cholestane (20R) 
29βα(20S)+27αββ(20R) 400+372 C29H52+C27H48 
5 C27-14 β (H), 17 β (H)-cholestane (20S) 27αββ(20S) 372 C27H48 
6 C27-14
 α (H), 17 α (H)-cholestane (20R) 27ααα(20R) 372 C27H48 
7 C29-24-ethyl-13
 β (H), 17 α (H)-diacholestane (20R) 29βα(20R) 400 C29H52 
8 C29-24-ethyl-13
 α (H), 17 β (H)-diacholestane (20R) 29αβ(20R) 400 C29H52 
9 C28-24-methyl-14 α (H), 17 α (H)-cholestane (20S) 28ααα(20S) 386 C28H50 
10 
C28-24-methyl-14 β (H), 17 β (H)-cholestane (20R) 
+C29-24-ethyl-13 α (H), 17 β (H)-diacholestane (20S) 
28αββ(20R)+29αβ(20S) 386+400 C28H50+ C29H52 
11 C28-24-methyl-14 β (H), 17 β (H)-cholestane (20S) 28αββ(20S) 386 C28H50 
12 C28-24-methyl-14
 α (H), 17 α (H)-cholestane (20R) 28ααα(20R) 386 C28H50 
13 C29-24-ethyl-14
 α (H), 17 α (H)-cholestane (20S) 29ααα(20S) 400 C29H52 
14 C29-24-methyl-14 β (H), 17 β (H)-cholestane (20R) 29αββ(20R) 400 C29H52 
15 C29-24-methyl-14 β (H), 17 β (H)-cholestane (20S) 29αββ(20S) 400 C29H52 
16 C29-24-ethyl-14
 α (H), 17 α (H)-cholestane (20R) 29ααα(20R) 400 C29H52 
17 C30-24-propyl-14
 α (H), 17 α (H)-cholestane (20R) 30ααα(20R) 414 C30H54 
The C27 diasteranes / (diasteranes + regular steranes) values generally exhibit a similar trend as C29ααα 
20S/(20S+20R), ranging from 0.29 to 0.46 in the SA, 0.16 to 0.39 in the FA, 0.14 to 0.32 at Wenzen, 0.18 
to 0.29 in Luxembourg (Song et al., 2014), 0.51 to 0.62 in Runswick Bay, 0.17 to 0.31 in the LOZ-1, NL, 
respectively. Ratios of age related regular C28/C29 steranes vary between 0.4 and 0.7 for all sampling 
localities, which – as expected - represent oils or extracted bitumen belonging to the upper Paleozoic to 
Lower Jurassic as reported by Grantham and Wakefield (1988; Table 4.4). 
4.4.1.2 Triterpanes 
Hopanes 
Hopanes were identified using characteristic ion chromatograms as illustrated in Figure 4.3 and listed in 
Table 4.3. The most prominent hopane peak is C30-hopane in all samples. From C31-homohopane onwards, 
the homohopanes gradually decrease in abundance. C33, C34 or C35 homologues only occur in low 
concentration at all sampling localities and the homohopane index (C35/C31-35) is generally low (mostly 
<0.10). 
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Figure 4.3 Examplary distributions of hopanes (m/z 191) of the Posidonia Shale in the SA and FA of SW-
Germany, Runswick Bay of UK and LOZ-1 of NL. Peak identification is presented in Table 4.3. 
Table 4.3 Identified hopanes measured using m/z 191 of the Posidonia Shale in the SA and FA of SW-
Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL. 
Peak No. Compound Mass Formula 
Ts 18α (H)-22,29,30-trisnorneohopane 370 C27H46 
Tm 17α (H)-22,29,30-trisnorhopane 370 C27H46 
C29 Tm 17α(H),21β(H)-30-norhapane 398 C29H50 
C29 Ts 18α(H)-30-norneohopane 398 C29H50 
1 C30-17α (H), 21β (H)-hopane 412 C30H52 
1’ C30-17 β (H), 21 α (H)-hopane (moretane) 412 C30H52 
2 C31-17α (H), 21β (H)-homohopane (22S) 426 C31H54 
2’ C31-17α (H), 21β (H)-homohopane (22R) 426 C31H54 
2’’ C31-17 β (H), 21 α (H)-homohopane 426 C31H54 
G Gammacerane 412 C30H52 
3 C32-17α (H), 21β (H)-bis homohopane (22S, R) 440 C32H56 
4 C33-17α (H), 21β (H)-tris homohopane (22S, R) 454 C33H58 
5 C34-17α (H), 21β (H)-tetrakis homohopane (22S, R) 468 C34H60 
6 C35-17α (H), 21β (H)-pentakis homohopane (22S, R) 482 C35H62 
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Gammacerane is detected in most samples, but only in very low concentration, except for samples from 
the FA with high gammacerane / (gammacerane + C30-hopane) index ranging between 0.20 and 0.50, 
which are similar to samples from Luxembourg (Song et al., 2014). By comparison, fair values (0.1-0.2) 
occur at Wenzen. Lower values varying between 0.05 and 0.12 occur in the SA, whereas values are lowest 
in Runswick Bay, UK, and LOZ-1, NL (0.01-0-05 and 0.00-0.08, respectively).  
Ts/(Ts+Tm) ratios range from 0.18 to 0.42 in the SA, showing higher abundance of the thermally less 
stable trisnorhopane (Tm, 17α(H)-22,29,30-trisnorhopane) than trisnorneohopane (Ts, 18α(H)-22,29,30-
trisnorneohopane). This corresponds to relatively low thermal maturation levels. Values are higher in the 
FA, ranging between 0.40 and 0.51, corresponding to higher thermal maturity. Similar values (0.54-0.57) 
are observed at Wenzen. At Runswick Bay, UK, highest values (0.55-0.64) were observed among all the 
sampling localities, which correspond to highest thermal maturity. By comparison, relatively low values 
of Ts/ (Ts+Tm) were observed in the LOZ-1, NL, ranging from 0.32 to 0.44, which are similar to those in 
the SA.  
The C30 hopane / (hopane + moretane) ratio (C30-17α (H), 21β(H)-hopane/(C30-17α (H), 21β(H)-hopane + 
C30-17β(H), 21α(H)-hopane))  or  expressed as moretane index, i.e. C30 moreane / (hopane + moretane) 
reaches equilibrium (ca. 0.95 for the former and ca. 0.05 for the latter) already within the early mature 
stage (Killops and Killops, 2005). Lowest values (0.56-0.65) are observed in the FA, followed by slightly 
higher values at Wenzen (0.77-0.79) and the SA (0.75-0.82). Values vary from 0.84 to 0.87 in Runswick 
Bay and from 0.81-0.89 in the LOZ-1, NL. Likewise, C30 moretane/(moretane+hopane) varied between 
0.11 and 0.25 at SA, Wenzen and LOZ-1, but was higher (>0.35) at the FA and Luxembourg. 
Ratios of 22S/ (22S+22R) C31-homohopanes reach equilibrium already at the very early oil generation 
stage (Killops and Killops, 2005); they are therefore indicative of subtle differences in maturity within the 
narrow range of immature to early mature conditions. The samples from Runswick Bay, UK have reached 
the equilibrium with values of about 0.6, followed by 0.52-0.56 in the SA which is quite close to 
equilibrium. Lower values indicating immature rather than early mature conditions have been calculated 
for all other sites (Table 4.4).  
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Table 4.4 Overview of biomarker ratios of the Posidonia Shale in the SA and FA of SW-Germany, Wenzen of  NW-Germany,  Runswick Bay of UK 
and LOZ-1 of NL as well as the Esch-sur-Alzette, LU. Cited published data of steranes and hopanes of the Esch-sur-Alzette, LU for comparison are 
referred to Song et al. (2014). 
Locality 
Sample 
No. 
Depth 
(m) 
TOC 
(%) 
Hopanes Steranes 
Steranes
/ 
Hopanes 
Aromatics 
Gamm./
(Gamm.
+C30Ho
p.) 
C30 
Moretan
e/(Hopa
ne+Mor
etane) 
Ts/(Ts+
Tm) 
22S/(22
S+22R) 
C31-
Homoho
p. 
Homoho
p. index 
C35/C31-
35 
C27 
/C27-29 
Reg 
(%) 
C28/ 
C27-29 
Reg 
(%) 
C29/ 
C27-29 
Reg 
(%) 
C28/
C29 
C27/
C29 
C27 
Dia/(
Dia+
Reg) 
C29 
ααα 
20S/
(20S
+ 
20R) 
C29 
ββ/(
αα+
ββ) 
MPI
-1 
TA(I
) / 
TA(I
+II) 
TA/(
TA+
MA)  
D/P P/N 
AIR 
(C13-17/ 
C18-22) 
C14 
AIR 
C18 
AIR 
C19 
AIR 
SA, SW-
German
y 
12-1664 20.41 10.13 0.12 0.20 0.36 0.54 0.09 30 27 43 0.62 0.69 0.31 0.26 0.32 1.75                   
12-1669 22.36 11.14 0.09 0.22 0.42 0.53 0.05 27 29 44 0.67 0.61 0.31 0.26 0.32 1.84                   
12-1670 22.68 2.40 0.05 0.18 0.35 0.54 0.05 36 23 41 0.56 0.89 0.29 0.27 0.30 2.89 0.53 0.03 0.41 0.48   1.65 2.04 1.03 1.04 
12-1675 24.30 7.58 0.10 0.21 0.39 0.52 0.11 39 21 41 0.51 0.95 0.37 0.28 0.32 1.19 0.48 0.08 0.37 0.44 0.45 2.60 2.08 1.00 1.41 
12-1678 25.52 10.51 0.12 0.24 0.37 0.56 0.09 26 28 46 0.61 0.57 0.31 0.29 0.34 1.32 0.53 0.08 0.32 0.42 0.96 1.70 1.89 1.08 1.22 
12-1680 26.07 0.95 0.06 0.24 0.18 0.55 0.09 28 25 47 0.52 0.60 0.46 0.26 0.34 0.80                   
12-1682 27.25 5.19 0.09 0.25 0.20 0.53 0.12 32 25 43 0.58 0.74 0.41 0.30 0.32 0.63 0.50 0.08 0.44 0.33 0.37 5.77 1.85 1.08 1.18 
FA, SW-
German
y 
12-1027 0.90 18.39 0.23 0.37 0.51 0.21 0.08 42 21 37 0.56 1.04 0.16 0.14 0.34 2.27 0.39 0.01 0.23 0.68 0.71 2.94 1.70 1.14 1.10 
12-1032 2.79 5.70 0.39 0.38 0.51 0.16 0.06 31 26 43 0.61 0.73 0.16 0.11 0.37 0.90 0.36 0.04 0.11 0.75 0.46 4.95 1.76 1.08 1.12 
12-1025 0.22 13.32 0.43 0.44 0.46 0.21 0.10 29 26 45 0.58 0.65 0.29 0.27 0.38 0.84                   
12-1026 0.50 8.20 0.35 0.42 0.40   0.14 37 23 40 0.58 0.92 0.39 0.24 0.34 1.25 0.44 0.03 0.08 0.49   2.45 1.90 1.33 1.25 
12-1033 3.22 5.84 0.50 0.35 0.51 0.14 0.07 32 20 49 0.40 0.65 0.24 0.24 0.41 1.13                   
12-1029 1.70 10.64 0.20 0.40 0.49 0.09 0.08 35 26 40 0.64 0.87 0.19 0.14 0.38 2.94 0.42 0.03 0.03 0.63 0.38 4.63 1.97 1.16 1.21 
Runswic
k Bay, 
UK 
14-161 -0.20 3.39 0.01 0.16 0.57 0.57 0.08 30 23 47 0.50 0.65 0.62 0.45 0.39 0.71 0.56                 
14-143 3.57 14.24 0.03 0.13 0.60 0.58 0.03 32 23 45 0.50 0.70 0.54 0.46 0.31   0.57                 
14-238 1.92 7.58 0.04 0.14 0.64 0.60 0.09 24 24 52 0.47 0.46 0.58 0.47 0.36 0.60 0.52 0.39 0.61 0.10 48.56 2.82 2.15 1.27 1.23 
14-237 2.82 8.20 0.05 0.14 0.61 0.60 0.07 27 22 51 0.44 0.52 0.58 0.46 0.37 0.74 0.56 0.45 0.53 0.12 129.4 1.99 1.98 1.34 1.39 
14-138 5.22 4.82 0.04 0.16 0.59 0.59 0.04 29 20 50 0.40 0.58 0.51 0.46 0.30 0.87                   
14-131 7.00 4.58 0.04 0.16 0.55 0.58 0.09 28 23 50 0.46 0.55 0.53 0.49 0.39 0.60 0.52 0.30 0.53 0.11 239.2 2.43 2.23 1.29 1.18 
LOZ-1, 
NL  
14-068 2465.5 5.74 0.06 0.18 0.43 0.47 0.04 31 27 42 0.63 0.73 0.22 0.11 0.24 1.53 0.38 0.11 0.25 0.12 2.42 3.57 1.94 1.27 1.37 
14-074 2472.5 3.42 0.08 0.15 0.44 0.46 0.05 30 26 44 0.59 0.69 0.17 0.11 0.27 1.37                   
14-079 2478.5 6.74 0.06 0.19 0.32 0.50 0.08 30 28 41 0.68 0.74 0.27 0.26 0.27 1.21 0.37 0.06 0.33 0.19 1.80 2.48 1.90 1.36 1.39 
14-085 2485.5 13.09 0.00 0.11 0.36 0.34 0.00 33 24 43 0.54 0.76 0.30 0.17 0.28 1.71                   
14-094 2495.5 11.07 0.05 0.15 0.39 0.49 0.07 33 27 40 0.68 0.84 0.20 0.19 0.26 0.94 0.43 0.08 0.27 0.16 1.88 1.96 1.89 1.25 1.27 
14-099 2501.0 16.17 0.08 0.14 0.40 0.53 0.05 29 27 44 0.62 0.65 0.31 0.21 0.27 1.31           4.10 1.80 1.01 1.22 
14-107 2509.0 2.40 0.08 0.17 0.40 0.48 0.03 25 27 48 0.55 0.52 0.31 0.23 0.25 0.44                   
Esch-
sur-
Alzette, 
LU 
10-1024 9.5 8.6 0.29 0.51 0.45 0.20 0.07 27 29 45 0.63 0.59 0.28 0.30 0.34 1.16 0.54 0.04 0.04 1.18 0.60 3.84 1.79 1.24 1.05 
10-1032 12.5 7.2 0.22 0.45 0.55 0.23 0.08 32 26 42 0.61 0.76 0.29 0.34 0.31 1.31 0.51 0.05 0.05 1.16 0.49 3.16 1.76 1.04 0.88 
10-1040 14.9 6.1 0.27 0.36 0.41 0.25 0.05 34 21 45 0.48 0.76 0.29 0.33 0.31 0.91                   
10-1050 17.9 7.2 0.29 0.46 0.50 0.24 0.08 36 26 38 0.69 0.94 0.18 0.31 0.28 1.95                   
10-1058 20.3 8.0 0.22 0.56 0.52 0.24 0.07 34 26 41 0.64 0.83 0.23 0.32 0.28 1.43                   
10-1072 24.5 9.3 0.24 0.43 0.58 0.26 0.07 35 20 45 0.45 0.79 0.20 0.32 0.30 1.05                   
10-1085 28.4 2.8 0.25 0.44 0.47 0.19 0.09 28 28 43 0.66 0.66 0.22 0.35 0.31 1.01                   
10-1093 30.7 60.8           30 26 44 0.60 0.68 0.24 0.38 0.34                     
10-1101 32.9 5.9 0.47 0.68 0.47 0.19 0.09 31 27 42 0.63 0.74 0.21 0.39 0.36 1.07                   
10-1062 21.5 7.3                             0.51 0.09 0.02 1.51 1.21 1.64 1.76 0.99 0.98 
10-1092 30.5 10.3                             0.54 0.06 0.05 1.25 4.28 1.75 1.82 1.61 1.26 
Wenzen, 
NW-
German
y 
12-1240 31.5 8.9 0.15 0.23 0.54 0.24 0.05 34 22 44 0.49 0.78 0.14 0.21 0.18 2.94 0.50 0.13 0.03 0.67   1.70 1.95 1.14 1.16 
12-1242 33.5 9.0 0.18 0.25 0.55 0.23 0.08 36 20 44 0.46 0.81 0.23 0.26 0.17 1.96 0.57 0.10 0.05 0.75   2.38 1.91 1.15 1.04 
12-1245 36.5 7.2                             0.61 0.20 0.02 0.84 0.90 2.44 1.93 1.30 1.22 
12-1247 38.5 11.4 0.13 0.21 0.57 0.26 0.13 34 25 42 0.59 0.80 0.32 0.31 0.17 2.82 0.51 0.11 0.07 0.74   1.45 1.88 1.11 1.07 
* C14 AIR, C18 AIR and C19 AIR are calculated by 2,3,6-trimethyl-substituted aryl isoprenoid (m/z 133) /3,4,5-trimethyl-substituted aryl isoprenoid 
(m/z 134); D/P: Dibenzothiophene/Phenanthrene; P/N: Phenanthrane/Naphthalene. 
 
 
 
104 
 
Tricyclic terpanes  
Tricyclic terpanes (cheilanthanes) were identified using m/z 191 ion chromatograms for all sampling 
localities. Examplary distributions of tricyclic terpanes of the PS from the SA and FA of SW-Germany, 
Runswick Bay of UK and LOZ-1 of NL are presented in figure 4.4. Peak identification is listed in Table 
4.5. 
 
Figure 4.4 Examplary distribution of tricyclic terpanes (cheilanthanes) detected using m/z 191 in the 
Posidonia Shale from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL.Peak 
identification is listed in Table 4.5. 
Table 4.5 Peak identification of tricyclic terpanes (cheilanthanes). 
Peak Compound Mass 
19/3 C19H34 tricyclic terpane 262 
20/3 C20H36 tricyclic terpane 276 
21/3 C21H38 tricyclic terpane 290 
23/3 C23H42 tricyclic terpane 318 
24/3 C24H44 tricyclic terpane 332 
25/3 C25H46 tricyclic terpane 346 
24/4 C24H42 tetracyclic terpane 330 
26/3R C26H48 tricyclic terpane 360 
26/3S C26H48 tricyclic terpane 360 
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Tricyclic terpanes (cheilanthanes) are strongly resistant to biodegradation and more resistant to thermal 
maturation than hopanes (Peters et al., 2005). Their widespread occurrence and molecular properties 
suggest that they originate from prokaryotic membranes (Ourisson et al., 1982). The C24 tetracyclic 
terpane (24/4) is present in high abundance in carbonate or evaporite depositional environments (Peters et 
al., 2005). Here, C24 tetracyclic terpane is apparently associated with high carbonate contents. In 
carbonate-rich samples (avg. >30 wt. %) from Germany and Luxembourg, C24 tetracyclic terpane is 
detected in relatively high abundance. In contrast, it is absent in carbonate-lean samples (avg. <15 wt. %) 
from Runswick Bay, UK, and LOZ-1, NL (Fig. 4.4). 
4.4.2 Aromatic fractions 
Dibenzothiophene (m/z 184), phenanthrene (m/z 178), naphthalene (m/z 128) and 1,2,3,4-tetrahydroretene 
(m/z 238) were identified  in the aromatic fractions of the PS from all sampling localities (Fig. 4.5). 
Specific aromatic biomarker indicators for thermal maturity and depositional environment are discussed in 
the following chapters in detail. Ratios of dibenzothiophene/ phenanthrene (D/P) are high >1.0 in the 
Esch-sur-Alzette, LU. Lower values ranging between >0.5 and 1.0 are observed at the FA and Wenzen 
followed by the SA (>0.2-0.5). Lowest values were observed at Runswick Bay, UK, and LOZ-1, NL 
ranging between 0.1 and 0.2 (Table 4.4). 
4.4.2.1 Phenanthrene 
Phenanthrene (P), 1-Methylphenanthrene (1-MP), 2-Methylphenanthrene (2-MP), 3-Methylphenanthrene 
(3-MP) and 9-Methylphenanthrene (9-MP) were identified using the m/z 178 and m/z 192 ion 
chromatograms, respectively. In order to assess maturity, the methylphenanthrene index (MPI-1) was 
calculated as 1.5(3MP+2MP)/(P+9MP+1MP) (Radke et al., 1982a). Examplary distributions of 
phenanthrene of the PS from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL are 
presented in figure 4.6. MPI-1 values range from 0.48 to 0.53 in the SA, 0.36 to 0.44 in the FA, 0.50 to 
0.61 at Wenzen, 0.51 to 0.54 in Luxembourg, 0.52 to 0.57 in Runswick Bay, and 0.37 to 0.43 in the LOZ-
1, NL, respectively (Table 4.4).  
4.4.2.2 Triaromatic steroids 
C20, C21, C26, C27, C28 triaromatic steroids were identified using the m/z 231 ion chromatogram for the PS 
from all sampling localities. Examplary distributions of triaromatic steroids of the PS from the SA and FA 
of SW-Germany, Runswick Bay of UK and LOZ-1 of NL are presented in figure 4.7. Peak identification 
is listed in Table 4.6. Ratios of TA(I) / TA(I+II) calculated as (C20 + C21)/(C20 + C21 + C26 + C27 + C28) 
triaromatic steroids are low, varying  between 0.03 and 0.08 in the SA, 0.01 and 0.04 in the FA, 0.10 and 
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0.20 at Wenzen, 0.04 and 0.09 in Luxembourg, and 0.06 and 0.11 in the LOZ-1, NL, respectively, but are 
significantly higher at Runswick Bay (0.30-0.45; Table 4.4). 
 
Figure 4.5 Total ion chromatograms (TIC) of the aromatic hydrocarbons of the Posidonia Shale from the 
SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL.Bars indicate elution intervals of (A) 
alkylated naphthalenes, (B) alkylated dibenzothiophenes, (C) alkylated phenanthrenes, (D) mono- and 
triaromatic steroids, (E) benzohopanes. 
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Figure 4.6 Examplary distributions of phenanthrene (m/z 178 & 192) of the PS from the SA and FA of 
SW-Germany, Runswick Bay of UK and LOZ-1 of NL. 
Table 4.6 Peak identification of triaromatic steroids. 
Peak Compound R1 R2 
a1 C20TA CH3 H 
b1 C21TA CH3 CH3 
c1 SC26TA S (CH3) C6H13 
d1 
RC26TA 
SC27TA  
R (CH3) 
S (CH3)  
C6H13 
C7H15 
e1 SC28TA S (CH3) C8H17 
f1 RC27TA R (CH3) C7H15 
g1 RC28TA R (CH3) C8H17 
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Figure 4.7 Examplary distributions of triaromatic steroids (m/z=231) of the PS from the SA and FA of 
SW-Germany, Runswick Bay of UK and LOZ-1 of NL.Peak identification is presented in Table 4.6. 
4.4.2.3 Monoaromatic steroids 
C21, C22, C27, C28, C29 C-ring monoaromatic steroids were identified using the m/z 253 ion chromatogram 
for the PS from all sampling localities. Examplary distributions of C-ring monoaromatic steroids of the PS 
from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL are presented in figure 4.8. 
Peak identification is listed in Table 4.7. Combined with triaromatic steroids, monoaromatic steroid 
aromatization was calculated by the C26–28 triaromatic steroids/ (C26–28 triaromatics + C27–29 C-ring 
monoaromatics) ratio. The ratios of TA/ (TA+MA) range from 0.32 to 0.44 in the SA, 0.53 to 0.61 in 
Runswick Bay, and 0.25 to 0.33 in the LOZ-1, NL, respectively. By comparison, significantly lower 
values ranging from 0.03 to 0.23 were observed in the FA, as well as 0.02 to 0.07 at Wenzen, and 0.02 to 
0.05 in Luxembourg (Table 4.4). 
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Figure 4.8 Examplary distributions of C-ring monoaromatic steroids (m/z=253) of the PS from the SA and 
FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL. Peak identification is presented in Table 4.7. 
Table 4.7 Peak identification of C-ring monoaromatic steroids. 
Peak (or 
group) 
Substituents 
Compound 
R1 R2 R3 R4 
A1         C21MA 
B1         C22MA 
C1 
β(H) CH3 S(CH3) H βSC27MA 
β(CH3) H S(CH3) H βSC27DMA 
D1 
β(CH3) H R(CH3) H βRC27DMA 
β(H) CH3 R(CH3) H βRC27MA 
α(H) CH3 S(CH3) H αSC27MA 
E1 
β(H) CH3 S(CH3) CH3 βSC28MA 
α(CH3) H R(CH3) H αRC27DMA 
β(CH3) H S(CH3) CH3 βSC28DMA 
F1 α(CH3) H S(CH3) CH3 αSC27DMA 
G1 
α(H) CH3 R(CH3) H αRC27MA 
α(H) CH3 S(CH3) CH3 αSC28MA 
β(H) CH3 R(CH3) CH3 βRC28MA 
β(CH3) H R(CH3) CH3 βRC28DMA 
β(H) CH3 S(CH3) C2H5 βSC29MA 
β(CH3) H S(CH3) C2H5 βSC29DMA 
H1 
α(H) CH3 S(CH3) C2H5 αSC29MA 
α(H) CH3 R(CH3) CH3 αRC28MA 
β(H) CH3 R(CH3) C2H5 βRC29MA 
β(CH3) H R(CH3) C2H5 βRC29DMA 
I1 α(H) CH3 R(CH3) C2H5 αRC29MA 
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4.4.2.4 Aryl isoprenoids (trimethylbenzenes)  
Aryl isoprenoids (trimethylbenzenes) were identified using m/z 133 (l-alkyl-2,3,6-trimethylbenzenes) and 
m/z 134 (l-alkyl-3,4,5-trimethylbenzenes) ion chromatogram, which are used to evaluate redox conditions. 
Examplary distributions and peak identification of aryl isoprenoids of the PS from the SA and FA of SW-
Germany, Runswick Bay of UK and LOZ-1 of NL are presented in figure 4.9. Short-chain aryl 
isoprenoids (C13-17) versus long-chain aryl isoprenoids (C18-22) (C13-17/C18-22) was calculated and 
abbreviated as aryl isoprenoid ratio (AIR) (Schwark and Frimmel, 2004). AIR ranges between 1.0 and 6.0 
(Table 4), and no specific trends were observed among the sampling localities. Additionally, from two 
different substituted aryl isoprenoids, i.e. 2,3,6-trimethyl-substituted aryl isoprenoid (m/z 133) and 3,4,5-
trimethyl-substituted aryl isoprenoid (m/z 134), ratios were also calculated based on C14, C18, and C19 and 
abbreviated as C14 AIR, C18 AIR and C19 AIR. In general, C14 AIR is higher, ranging from 1.6 to 2.4, 
compared to lower C18 AIR and C19 AIR, ranging from 0.8 to 1.8 and 0.8 to 1.6, respectively (Table 4.4). 
 
Figure 4.9 Examplary distributions of aryl isoprenoids: m/z=133: l-alkyl-2,3,6-trimethylbenzenes; 
m/z=134: l-alkyl-3,4,5-trimethylbenzenes. 
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4.5 Discussion 
4.5.1 Thermal maturity trends 
Many biomarkers that provide information on depositional environment are influenced by thermal 
maturity (Peters et al., 2005). In order to precisely evaluate depositional environment based on biomarker 
proxies, it is necessary to use low mature samples or at least samples of similar maturity. Very high 
maturity levels beyond the peak oil generation stage lead to high levels of uncertainty regarding 
interpretation of biomarker data. According to maturity-related biomarkers, merely slight variations in 
thermal maturity levels are deduced for the sampling localities, which eliminate influence from thermal 
maturity on environment-diagnostic biomarkers. Generally, the highest thermal maturity but still within 
the early stage of oil window is indicated in Runswick Bay, UK, compared to other localities. This is in 
excellent agreement with the  Rock-Eval results and VRr as listed in table 4.1. 
 
Figure 4.10 Molecular indicators of thermal maturity by sterane isomerization for the PS from the SA and 
FA of SW-Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the Esch-
sur-Alzette of LU. (A) C29ααα 20S / (20S + 20R) vs. C29 ββ / (αα + ββ). (B) C29ααα 20S/ (20S+20R) vs. C27 
diasterane / (diasterane + regular sterane).  
4.5.1.1 Steranes and hopanes 
A binary maturity plot of C29ααα 20S/(20S+20R) vs. C29 ββ/(αα+ββ) sterane ratios is  particularly 
effective in assessing thermal maturity of source rocks or oils (Fig. 10A; Peters et al., 2005). C29ααα 20S/ 
(20S+20R) ratios reach equilibrium at a value of ca. 0.55 corresponding to about 0.8% VRr. Similarly, 
ratios of ββ/ (αα+ββ) were reported to increase with thermal maturity to ~0.7 (0.67~0.71 = equilibrium) at 
ca. 0.9% VRr (Peters et al. 2005). Whereas C29 ββ/(αα+ββ) ratios are quite invariable, strong differences 
are observed for C29ααα 20S/(20S+20R) ratios. Sterane maturity markers in samples from Runswick Bay 
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approach the equilibrium stage, whereas samples from other sampling localities plot far away from the 
equilibrium area and are regarded as immature or very early mature with respect to petroleum generation. 
A similar distribution can also be deduced from the plot of C27 diasteranes over regular steranes vs. 
C29ααα 20S/ (20S+20R) steranes (Fig. 4.10B). Both parameters tend to increase with increasing thermal 
maturity (Peters et al. 2005). High diasteranes/steranes ratios mainly depend on two factors, i.e., high 
thermal maturity and clay content (Peters et al. 2005). Here, the former is definitely the dominant factor, 
because clay content is similar for Runswick Bay, UK, and LOZ-1, NL.  
 
Figure 4.11 Molecular indicators of thermal maturity based on sterane and hopane isomerization vs. 
¯VRr & ¯Tmax for the PS from the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as 
well as the Esch-sur-Alzette of LU. (A), (B) & (C): 22S/ (22S+22R) C31-homohopane, Ts/ (Ts+Tm) & C30 
Moretane/(Hopane+Moretane) vs. 𝑉𝑅𝑟; (D), (E) & (F): 22S/ (22S+22R) C31-homohopane, Ts/ (Ts+Tm) 
& C30 Moretane/(Hopane+Moretane) vs. 𝑇𝑚𝑎𝑥.  
During burial and temperature increase, hopanes in the biological 17β,21β-(H)- configuration are 
transformed by isomerization into thermodynamically more stable 17α,21β-(H)- and 17β,21α-(H)-isomers 
(Ourisson et al., 1979). Furthermore, already at moderate maturity levels (0.7 to 0.8% VRr) all hopanes 
are degraded, but the 17β, 21α-(H)-hopanes undergo much stronger degradation than their 17α,21β-(H)-
counterparts (ten Haven et al., 1991). Furthermore, hopane concentrations are not only related to thermal 
maturity but also influenced by depositional environment, e.g. water salinity. For instance, ratios of 22S/ 
(22S+22R) C31-homohopane increase with thermal maturation and reach equilibrium at the immature to 
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very early mature stage of petroleum generation whereas high values can also occur when the depositional 
environment is hypersaline (ten Haven et al.,1986). In the case of the PS, equilibrium values have been 
reached for the UK profile, and the samples of the SA approach equilibrium (Fig. 4.11A, D).  
Ts/ (Ts + Tm) and moretane index are also affected by other factors than maturity. Ts is thermally more 
stable than Tm, but ratios of Ts over Tm strongly depend on salinity and redox conditions for the 
immature to early mature rocks (Peters et al., 2005). In fact, quite high values were observed for PS of the 
FA of SW-Germany and Wenzen of NW-Germany (which have the lowest Tmax and VRr values; Figs. 
4.11B, E) possibly indicating a facies effect. This phenomenon also occurred to a lesser extent in the 
Esch-sur-Alzette of LU (Fig. 4.11B; Song et al., 2014). Overall, Ts/ (Ts + Tm) spans only a narrow range 
for all sites, with the exception of some low values for samples from the SA. Similarly, the moretane over 
hopane ratio shows a maturity trend, but samples from the Esch-sur-Alzette of LU do not follow this trend 
(Fig. 4.11C). Plotting the biomarker parameters versus the average Tmax (Figs. 4.11 D-F) rather than 
vitrinite reflectance leads to similar conclusions, i.e. the Runswick bay samples are most mature, but for 
the less mature PS values scatter significantly being obviously strongly influenced by depositional 
environment. Therefore, these maturity-related hopane biomarkers will be discussed together with water 
salinity conditions in the following chapter. 
4.5.1.2 MPI 
Methylphenanthrene index (MPI-1), i.e. 1.5(3MP+2MP)/(P+9MP+1MP), proposed by Radke et al. 
(1982a) is widely used for maturity assessment especially when there is lack of vitrinite, because MPI-1 
and vitrinite reflectance were observed to show a good positive linear correlation in the oil window (0.65-
1.35% VR) and good negative linear correlation at higher maturity (1.35-2.00% VR) (Radke and Welte, 
1983). The calculated vitrinite reflectance (Rc) can be obtained by the equation Rc=0.6MPI-1+0.4 for 
those samples in the oil window (Radke and Welte, 1983). From our calculations of MPI-1 (Table 4), 
maturation levels of the studied localities are clearly sorted by MPI-1 (Fig. 4.12).  
The highest thermal maturity was observed in Runswick Bay, UK, and the lowest in the LOZ-1, NL, and 
FA, SW-Germany. The maturity trend of the sampling localities is in excellent agreement with VRr and 
Tmax values (Song et al., 2014, 2015).  Furthermore, those samples with wide ranges of Tmax values which 
highly depend on organic facies show a relatively narrow range in MPI-1 values for each locality. 
Therefore, MPI-1 seems to be an excellent maturation proxy for PS samples. However, quite abnormal 
trends occurred in Wenzen samples, which are probably due to migrated light hydrocarbons containing 
abundant  low molecular phenanthrenes from adjacent more mature areas, because in the Hils syncline of 
northern Germany, close to Wenzen, variable maturity ranging from immature to overmature has been 
proven (Rullkötter et al., 1988).   
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Figure 4.12  (A) & (B): MPI-1 vs. Tmax & VRr plots for the PS from the SA and FA of SW-Germany, 
Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the Esch-sur-Alzette, 
LU.Tmax & VRr data are after Song et al. (2015). Note: VRr of Wenzen, NW-Germany, is 
average value after Rullkötter et al. (1988b).  
4.5.1.3 TA(I)/TA(I+II) vs. TA/ (TA+MA) 
Ratios of TA(I) / TA(I+II) calculated as (C20 + C21)/(C20 + C21 + C26 + C27 + C28) triaromatic steroids,  
increase due to preferential degradation of the long-chain triaromatics probably by side-chain cleavage 
during thermal maturation rather than conversion of long- to short-chain homologues (Beach et al., 1989). 
Therefore, TA(I)/ TA(I+II) ratios were used to evaluate the thermal maturity combined with TA/ 
(TA+MA) ratios. 
Monoaromatic steroid aromatization is represented by the C26–28 triaromatic steroids/ (C26–28 triaromatics + 
C27–29 C-ring monoaromatics) ratio. The ratio of TA/ (TA+MA) increases from 0 to 1 during thermal 
maturation, which is highly specific for the immature to mature range (Peters et al., 2005). Initially there 
are no triaromatic steroidal hydrocarbons, but during catagenesis C-ring monoaromatics (m/z 253) tend to 
be converted into triaromatics (m/z 231) (Killops and Killops, 2005).  
Calculated values of TA/ (TA+MA) and TA(I)/ TA(I+II) are listed in table 4.4. From our results, ratios of 
TA(I)/ TA(I+II) are not highly specific for the immature stage and show very low values, <0.2 when VRr 
is less than 0.6%, e.g. the PS from the SA and FA of SW-Germany, Wenzen of NW-Germany, LOZ-1 of 
NL and Esch-sur-Alzette of LU, whereas TA/ (TA+MA) ratios are more specific for these samples with 
low maturity.  Nonetheless, both TA/ (TA+MA) and TA(I)/ TA(I+II) demonstrate significantly higher 
values for the PS from Runswick Bay, UK, confirming enhanced maturation (Fig. 4.13).  
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The maturity assessment indicates that PS from RunswickBay is of highest maturity but did by far not 
reach the stage of peak oil generation. Maturity of PS from LU, SA and FA indicates early oil window 
maturity, decreasing in this order, whereas PS from LOZ is immature to very early mature. No severe 
influence of thermal maturity on the paleoenvironmental biomarker signal is expected.  
 
Figure 4.13 TA/ (TA+MA) vs. TA(I)/ TA(I+II) suggesting thremal maturation trend of the PS from the SA 
and FA of SW-Germany, Wenzen of  NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as the 
Esch-sur-Alzette of LU. 
4.5.2 Origin of organic matter 
Hopanes are formed during diagenesis from bacteriohopanetetrols (C35 tetrahydroxybacteriohopane) 
which act as membrane rigidifiers in prokaryotes (bacteria and cyanobacteria) (Ourisson et al., 1979) and 
are ubiquitously found in oils and sediments except at high maturity. In addition, minor quantities might 
originate from 3-desoxyhopanes, which are derived from aerobic bacteria and fungi (Bechtel et al., 2001). 
By comparison, steranes arise from precursor sterols, which are observed in all eukaryotes (e.g. algae, 
higher plants) but rarely in prokaryotes. Consequently, the steranes/hopanes ratio is often used as an 
indicator of the relative contributions of eukaryotes and prokaryotes (bacteria). A high steranes/hopanes 
ratio is often thought to represent a strong input of marine organic matter and in particular of planktonic 
algae.  
The steranes/hopanes ratio was calculated using C27-30 steranes and C27-35 hopanes as identified in the 
studied samples (Table 4.4). Interestingly, high values of steranes / hopanes (>1.0) are displayed at all 
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sampling localities, especially the FA of SW-Germany (up to 3.0), except Runswick Bay of UK with 
anomalously low values of less than 1.0. Similarly, low ratios of steranes / hopanes (<1.0) were also 
reported by French et al. (2014) at Hawsker Bottoms, UK, which is close to Runswick Bay. In other 
words, a strong input of marine organic matter and in particular of planktonic algae prevailed in the SA  
 
Figure 4.14 Terrigenous organic matter indicators. (A) Ternary diagram showing relative 
abundances of C27, C28 and C29 regular steranes for the PS samples. (B) TAR, (C) C29/C27-29 steranes & 
(D) Phenanthrane/ naphthalene vs. steranes/ hopanes indicating relative abundances of marine and 
terrestrial organic matter inputs  for the PS from the SA and FA of SW-Germany, Wenzen of  NW-
Germany, Runswick Bay of UK and LOZ-1 of NL as well as the Esch-sur-Alzette, LU. Values of 
terrigenous/aquatic ratios (TAR) [(n-C27+n-C29+n-C31)/(n-C15+n-C17+n-C19)] are after Song et al. (2015) 
(Note: not applicable to those samples of the LOZ-1, NL due to contaminations by non-indigenous light 
hydrocarbons). 
and FA of SW-Germany, LOZ-1 of NL and the Esch-sur-Alzette of LU. In contrast, the organic matter of 
the PS in Runswick Bay contains more prokaryotes (bacteria and/or cyanobacteria) compared to the other 
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sampling localities. Low ratios of steranes/hopanes are attributed to the abundant terrigenous organic 
matter input at Runswick Bay of UK, because terrigenous organic matter can deliver hopanes derived 
from soil bacterial biomass and thereby lower the steranes/ hopanes ratio (French et al., 2014).   
The high relative abundance of C29 steranes (up to 52%) supports higher abundance of terrigenous organic 
matter in Runswick Bay, UK, compared to other sampling localities (Fig. 4.14 C), as C29 steranes are 
commonly derived from land plants, although those are not the only source and some aquatic biota can 
also biosynthesize C29 steranes in high abundance (Moldowan et al., 1985; Volkman and Maxwell, 1986). 
The relative abundance of C27, C28 and C29 steranes is shown in Table 3 and plotted in figure 14A. 
Furthermore, a strong input of terrestrial organic matter in the PS of Runswick Bay, UK, is also evidenced 
by abundant long-chain n-alkanes (terrigenous/ aquatic ratio (TAR); Song et al., 2015) (Fig. 4.14 B). 
Similarly, the Cleveland Ironstone Series which is underlying the Grey Shales of the Cleveland Basin, 
UK, is also known to contain abundant higher plant debris. A Pennine, well vegetated landmass lying to 
the northwest was assumed as the source of these iron-rich sediments (Chowns, 1966). The high 
phenanthrane/naphthalene ratio, which was observed for samples from Runswick Bay, UK (Fig. 4.14 A, 
B, C, D; Table 4.4), could be an excellent  indication of high terrestrial organic matter input. However, 
this ratio has to be seen with caution because naphthalene can easily be lost during sample processing.  
4.5.3 Water salinity 
Solvent extracts and oils from hypersaline or evaporitic environments are often characterized by the 
following features: predominance of even over odd n-alkanes, low Pr/Ph ratio, high gammacerane index, 
low diasterane/sterane ratio, and preferential preservation of C34 and/or C35 homohopanes (Peters et al., 
2005). Especially, when values of the gammacerane index exceed 0.1, a stratified water column 
(Sinninghe Damste et al., 1995) commonly resulting from hypersalinity is thought to prevail in the 
depositional environment. In addition, high ratios of C30 moretane/ (moretane +hopane), 22S/ (22S+22R) 
C31-homohopane and Ts/ (Ts+Tm) are occasionally associated with enhanced water salinity (Rullkötter 
and Marzi, 1988; Fan Pu et al., 1987; ten Haven et al., 1986; Peters et al., 2005). 
In the FA of SW-Germany and Esch-sur-Alzette of LU, the gammacerane index is high > 0.2, which 
indicates a stratified water column and possibly enhanced water salinity. Ts/ (Ts+Tm) (up to 0.51) are 
abnormally high in comparison with other thermal maturation parameters (Fig. 4.15A, D). Whereas this 
ratio increases with increasing thermal maturity, it is also known to be high in many hypersaline source 
rocks even at low thermal maturation (Fan Pu et al., 1987; Rullkötter and Marzi, 1988). Ten Haven et al. 
(1986) also pointed out that hopanes show mature patterns when the depositional environment is 
hypersaline even if the source rock is immature. Furthermore, C30 moretane/ (moretane+hopane) ratio 
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should have reached or approached equilibrium at the FA and Esch-sur-Alzette of LU similar to the SA, 
Wenzen and LOZ-1 with comparable thermal maturity, because it reaches equilibrium within very early 
mature stage (Killops and Killops, 2005). However, significantly higher moretane index values (>0.35) far  
 
Figure 4.15 Water salinity indicators. (A) Ts/ (Ts+Tm) vs. C30 hopane/ (hopane+ moretane), (B) 
gammacerane index vs. C30 moretane/ (hopane+ moretane), (C) Gammacerane index vs. Pr/Ph ratios and 
(D) Ts/ (Ts+Tm) vs. 22S/ (22S+22R) C31 Homohopane ratios for the PS from the SA and FA of SW-
Germany, Wenzen of  NW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as literature data of 
the Esch-sur-Alzette of LU (Song et al., 2014). 
from equilibrium occurred at the FA and Esch-sur-Alzette of LU compared to other sampling localities. 
Therefore, the anomalously increased moretane index highly points to influence from enhanced water 
salinity at the FA and Esch-sur-Alzette, LU.  Other features of a hypersaline environment such as lower 
Pr/Ph (ten Haven et al., 1985; Song et al., 2015) and lower diasterane/sterane ratios were also observed 
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(Table 4.4). At Wenzen of NW-Germany, the gammacerane index is less than 0.2 but higher than 0.1, 
which indicates a relatively weakly stratified water column possibly resulting from weak hypersalinity 
compared to the other two localities.  
In summary, based on these salinity-related biomarkers (Fig. 4.15A, B, C, D), enhanced water salinity 
with a stratified water column is in turn postulated for the PS in the FA and Esch-sur-Alzette in 
Luxembourg as well as Wenzen of NW-Germany. Higher salinity is typically accompanied by density 
stratification and reduced oxygen content in bottom waters (i.e. lower Eh), which results in lower Pr/Ph 
(Peters et al., 2005). Accordingly, reducing condition appears to be much stronger in the Esch-sur-Alzette 
of LU than other localities (Fig. 4.15 C). On the other hand, the release of sulfurized hopanoids from the 
kerogen can decrease ratios of 22S/ (22S+22R) by steric hindrance of the isomerisation at C-22 of 
condensed-type hopanoid sulfides and sulfoxides possessing the 22R stereochemistry, which is generally 
expected in organic sulfur-rich kerogen within iron-depleted carbonate-marlstone source rocks (Köster et 
al., 1997). The abnormally low values of 22S/ (22S+22R) in the FA of SW-Germany, WEN and the Esch-
sur-Alzette of LU thus strongly support the sulfur-rich conditions during deposition of the PS.  
However, these anomalies were not observed at the other sampling localities including the SA of SW-
Germany, Runswick Bay of UK and LOZ-1 of NL. All biomarker parameters, including lower 
gammacerane index, higher Pr/Ph ratios (Song et al., 2015), and normal hopanoids ratios including Ts/ 
(Ts+Tm), 22S/ (22S+22R) and C30 moretane/ (moretane + hopane) ratios, indicate characteristics of 
normal water salinity during deposition of the PS at these three localities.  
4.5.4 Redox conditions 
4.5.4.1 Three major components of depositional redox conditions in sediments: O2, H2S and Fe  
Except for gammacerane index and Pr/Ph ratio as indicators of water column stratification and redox 
conditions as discussed above, high C35 homohopane index is also associated with highly reducing marine 
conditions (Peters et al., 2005). However, in this study, C35 homohopane index does not indicate large 
variations for the different sampling localities, i.e., mostly <0.10 (Table 4.4). Nonetheless, due to rather 
consistent immature or marginally mature organic matter for all sampling localities, Pr/Ph ratios were used 
to deduce the relative oxicity of the environment for the Lower Toarcian PS (Song et al., 2015).  
Accordingly, strongly reducing conditions prevailed in the Esch-sur-Alzette, LU, and to a lesser extent in 
NW-Germany and the FA of SW-Germany as well as Runswick Bay, UK and LOZ-1, NL.  
In contrast, characteristics of more oxidizing conditions in water column (dysoxic or even oxic) are 
demonstrated in the samples from the SA of SW-Germany (Fig. 4.15C), especially for those interbedded 
carbonate-rich organic-lean layers. This is supported by the light-colored, bioturbated intervals which 
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contain less TOC and lower HI (Littke et al., 1991b). Also, Bour et al. (2007) found that the carbonate-
rich layers of the PS in SW-Germany were richer in both coccoliths (especially Crepidolithus) and 
schizospheres. Species richness was also higher than in the argillaceous facies. The flourishing of 
nannofossils recorded in the carbonate-rich intervals testifies a recovery of nannoplankton productivity. It 
is believed that dissolved oxygen in sea bottom waters allowed a benthic recolonization and the oxidation 
of the organic matter (Röhl et al., 2001). However, due to the diversity of the topographical features across 
the shallow shelf sea in SW-Germany, local (episodic) restriction of water circulation is also not 
negligible (Murris, 1980; Ziegler, 1988; Schwark and Frimmel, 2004; Trabucho-Alexandre et al., 2012).  
Furthermore, if an oxygen-free part of the water column (typically in deeper waters) contains H2S, it is 
referred to the term “euxinic”, which represents that the environment is anoxic and sulfidic (Lyons et al., 
2009). In marine and lacustrine environments, the main source of H2S below ca.100 °C is bacterial sulfate 
reduction (BSR; Killops and Killops, 2005). Decomposition of organic matter results in sulfide (and some 
thiol) generation through the action of desulphydrases. Hydrogen sulfide (H2S) is one of the dominant 
volatile forms of products (Killops and Killops, 2005). When dissolved iron is present, sulfide will be 
removed by precipitation of insoluble iron sulfide, whereby instable monosulfides are finally transferred 
to more stable disulphides, pyrite and/or marcasite. Major sources of dissolved iron in the marine water 
column are: (1) riverine input of terrigenous clastic material from areas which contain abundant iron, e.g. 
clay minerals or (2) hydrothermal systems in the deep ocean (Li et al., 2010; Yoshiya et al., 2015). In the 
case of the marginal sea in which the PS was deposited, a terrigenous clastic source of iron is more 
probable. However, it is also possible that hydrothermal release of dissolved iron, e.g., in the adjacent 
deep ocean contributed to the iron availability in the epicontinental sea. Therefore, the balance between 
Fe
2+
 and H2S as well as free O2 plays an important role in elucidating the depositional conditions as 
discussed in the following chapters.  
4.5.4.2 Dibenzothiophene/phenanthrene ratios as indicators for depositional environment 
Dibenzothiophene as one of the important sulfur containing compounds in solvent extracts and oils was 
detected in the studied samples, although these compounds are usually not as abundant as the major 
hydrocarbons (i.e. benzene, naphthalene, phenanthrene and their alkylated derivatives). Ratios of 
dibenzothiophene/phenanthrene (D/P) combined with Pr/Ph ratios are thought to reflect source rock 
depositional environment and lithology very well (Fig. 4.16A; Hughes et al., 1995). Accordingly, samples 
of the PS from the Esch-sur-Alzette of LU plot in the sulfate-rich environment with high D/P ratios (>1.0). 
In contrast, the lowest D/P ratios are detected in Runswick Bay, UK, and LOZ-1, NL, which are less than 
0.2. Samples from the FA of SW-Germany and Wenzen of NW-Germany with fair D/P ratios of 0.5 - 1.0 
are located in between. By comparison, relatively lower D/P ratios (<0.5) are observed in the SA of SW-
Germany. Based on D/P ratios and TS as illustrated in figure 4.16B, a strongly reducing sulfidic water 
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column is hence deduced for the PS in the Esch-sur-Alzette of LU. However, it was less sulfidic during 
deposition of the PS in the FA and SA of SW-Germany as well as Wenzen of NW-Germany.  
 
Figure 4.16  Relative abundances of organic sulfur compounds (OSCs) indicated by 
dibenzothiophene/phenanthrene. (A) Dibenzothiophene/phenanthrene vs. Pr/Ph reflects source rock 
depositional environment and lithology (prototype after Hughes et al., 1995). (B) Dibenzothiophene/ 
phenanthrene vs. total sulfur (TS). TS contents are referred to Song et al. (2015). Limited iron allows 
sulfurization of organic matter, whereas enriched iron limits it.  
In contrast, ferruginous conditions rather than a sulfidic water column are assumed to have prevailed 
during deposition of the PS in Runswick Bay, UK, and LOZ-1, NL. A limited reactive-iron supply will 
allow the sulfurization of organic matter, even in a context of moderate productivity. Sulfurization can be 
a factor favoring a noticeable accumulation of organic matter and thus iron may play an important role in 
the carbon cycle (Tribovillard et al., 2015). Because of the low levels of iron in carbonates, high-sulfur 
levels generally result in abundant organic sulfur compounds (OSCs) and hence high D/P ratios (Hughes 
et al., 1995). This phenomenon might explain high D/P ratios observed for the PS from Esch-sur-Alzette 
of LU. Additionally, source rocks deposited in sulfidic conditions could generate sulfur-rich hydrocarbons 
due to high degree of sulfurization of organic matter. On the contrary, the situation was different for 
Runswick Bay, UK, and LOZ-1, NL. The low abundance of dibenzothiophene indicates low sulfurization 
of organic matter due to low-sulfur levels, because sulfur was easily consumed in the presence of 
sufficient iron (II) and precipitated mainly in form of pyrite. In short, enriched iron limited sulfurization of 
organic matter in Runswick Bay, UK, and LOZ-1, NL, where almost all sulfur is locked in pyrite. This 
could in turn result in sulfur-lean hydrocarbons generated by the source rocks deposited in ferruginous 
conditions due to low degree of sulfurization of organic matter. 
 
 
122 
 
As a modern analogue, at the Mississippi Delta sites reactive iron oxides are present in high concentration 
and no dissolved sulfide is observed in sediment pore waters, despite high rates of sulfate reduction 
(Canfield, 1989). From sediment incubations and diagenetic modelling, the bacterial reduction of ferric 
iron may be the most important source of dissolved pore water iron in near-shore marine sediments (and 
probably deep-sea sediments as well) (Froelich et al., 1979; Canfield, 1989). In addition, the most highly 
reactive iron (FeHR) phases in sediments, dominantly oxides and oxyhydroxides (Feox), are reactive toward 
H2S on time scales of only days to weeks or less (Canfield et al., 1992; Poulton et al., 2004). However, 
carbonate Fe (Fecarb) and magnetite (Femag) also react rapidly with dissolved sulfide. All of these iron 
minerals are hence taken as the total concentration of highly reactive Fe (FeHR = Fecarb + Feox + Femag + 
Fepy) (Poulton et al., 2004; Poulton and Canfield, 2011). 
4.5.4.3 Pyrite 
Pyrite is one of the major sedimentary components except for organic matter, silicate and carbonate in the 
Lower Toarcian Posidonia Shale in NW Europe. The relationship of the preservation of organic matter 
and pyritic sulfur in continental margin sediments depends either on (1) constant proportions of reactive 
(sulfide generating) and refractory (eventually preserved) organic materials fortuitously deposited at 
different sites (Berner and Raiswell, 1983; Hedges and Keil, 1995), or (2) the concentration of sorbed 
hydrous ferric oxides and organic compounds on fine-grained sedimentary minerals (Berner, 1984; 
Hedges and Keil, 1995). In contrast to syngenetic pyrite generated in anoxic bottom water, formation of 
diagenetic pyrite depends on conditions of pore water (anoxic sediments) during diagenesis. 
Size distributions of framboidal pyrite were used to correlate the timing of a change from deposition under 
an oxic water column to deposition under an anoxic and sulfidic water column. Different size fractions of 
pyrite are recognized to represent different origins: (1) the 4-21µm size fraction occurs often as framboidal 
pyrite and has formed during very early diagenesis or within the water column; (2) the 21-63µm size 
fraction formed later and only on and within the layers of sheet silicate minerals (Canfield et al., 1992). 
Furthermore, the water-column, or syngenetic, contribution of reactive Fe yields high degrees of 
pyritization (DOP), which may contrast with environments in which pyrite was only formed diagenetically 
within the sediments (Canfield et al., 1996; Raiswell and Canfield, 1998). Accordingly, the uniform 
distribution of tiny particles of pyrite (<20 µm) in Runswick Bay, UK, and LOZ-1, NL as illustrated in 
figure 4.17 C&D, is regarded as early generated. On the contrary, larger particles >20 µm which are more 
common in the PS of FA were probably formed later within the sediments (Fig. 4.17 B). Additionally, 
those samples enriched in syngenetic pyrite are low in diagenetic pyrite as indicated by Runswick Bay, 
UK, and LOZ-1, NL, because either sulfur or iron has already been consumed in the water column.  
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Furthermore, according to Wilkin et al. (1997), in the most recent carbonate-rich sediments and in the 
organic carbon-rich sapropels, framboid size distributions were found to be remarkably uniform (mean 
diameter = 5 µm); over 95% of the framboids are < 7 µm in diameter. These tiny framboidal pyrites are 
thought to be consistent with framboid nucleation and growth within an anoxic and sulfidic water column, 
followed by transport to the sediment-water interface, cessation of pyrite growth due to the exhaustion of 
reactive iron, and subsequent burial. In addition, different sized framboids of pyrite in the PS at 
Dotternhausen, SW-Germany, were also analyzed by Bour et al. (2007); the smallest ones (∼2 μm) were 
thought to be precipitated in an anoxic and sulfidic water column. However, here, we propose that these 
abundant tiny (>95% of < 7 µm in diameter) framboidal pyrites could also be formed within a ferruginous 
water column, e.g. Runswick Bay, UK, and LOZ-1, NL, in which hydrogen sulfide was almost absent due 
to immediate consumption. For the LOZ-1, NL, almost all pyrites are < 7 µm (Fig.4.17D). Wilkin et al. 
(1997) also pointed out that the organic carbon-poor sediments of lacustrine deposits contain pyrite 
framboids that are generally much larger in diameter (up to 50 µm), probably due to framboid nucleation 
and growth within anoxic sediment pore waters. Likewise, abundant diagenetic pyrites are present at the 
other PS sampling localities including the SA (Fig.4.17A) which indicates more oxygenated water 
column, many of which are hence larger in diameter and irregular in shape in contrast to those tiny pyrites 
generated in a water column. 
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Figure 4.17 Pyrite in the Lower Toarcian Posidonia Shale under reflected white light. (A) SA, SW-
Germany  & (B)  FA, SW-Germany: abundant diagenetic pyrite larger in diameter and irregular in shape 
(gathered on and/or within the layers of sheet silicate minerals); (C) Runswick Bay, UK & (D) LOZ-1, 
NL: abundant tiny particles of syngenetic pyrite (>95 vol.% of <7µm)  uniformly distributed in the 
sediments. 
In regard to diagenetic and syngenetic pyrite, Berner et al. (2013) also found evidence for contrasting their 
trace-element patterns. Diagenetic pyrite formed within interstitial space of anoxic sediments generally 
has a high heavy metals content, and the degree of pyritization of these elements increases with increasing 
oxygen deficiency. However, diagenetic pyrite reflects pore-water composition but not bottom water 
condition. Instead, bottom waters for diagenetic pyrite are oxygenated or dysoxic. In contrast, syngenetic 
pyrite formed within an anoxic water column typically is low in heavy metals (Berner et al., 2013). 
Among the sampling localities, with abundant small particles of pyrite uniformly distributed in the PS of 
Runswick Bay, UK, and LOZ-1, NL, total sulfur (TS) contents are also significantly higher (average 5.5 
wt. % and 3.6 wt. %, respectively; Table 1) as well as TS/TOC ratios (Song et al., 2015;) compared to 
other sampling localities This relation is most obvious for Runswick Bay, UK (Fig. 4.18). There is a clear 
negative correlation between carbonate content and total sulfur content, indicating that iron availability 
due to the presence of terrestrial-derived silicates is a key factor for depositional environment in general, 
kerogen structure and composition, and source rock mineralogy and geochemistry. 
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Figure 4.18 Plot of total sulfur (TS) vs. carbonate for the PS from the SA and FA of SW-Germany, Wenzen 
of NW-Germany, Runswick Bay of UK, LOZ-1 of NL and Esch-sur-Alzette of LU. Data are after Song et 
al. (2015). 
4.5.4.4 Photic zone anoxia (euxinia) 
Aromatic carotenoid derivatives such as aryl isoprenoids are frequently used to assess water column 
stratification and redox potential. The presence of aryl isoprenoids associated with an enriched δ13C by 7-8 
‰ relative to the saturated hydrocarbons in oils is thought to suggest an origin from isorenieratene 
produced by the Chlorobiaceae family of sulfur bacteria, which suggests that the source rocks were 
deposited under metahaline to hypersaline sulfate and sulfide rich water columns (Summons and Powell, 
1986; Summons and Powell, 1987). When anoxic waters reach the photic zone within a water column, 
organisms such as green and purple sulfur bacteria (Chlorobiaceae and Chromatiaceae, respectively) 
requiring the specific conditions of both light and hydrogen sulfide can flourish. Green sulfur bacteria, i.e. 
Chlorobiaceae, which produce the distinctive pigment, isorenieratene, are hence indicators of photic zone 
anoxia or euxinia (PZA or PZE) (Koopmans et al., 1996a). Therefore, isorenieratene derivatives such as 
aryl isoprenoids can be used as markers for photic zone anoxia. However, mere identification of aryl 
isoprenoids, without determination of their δ13C values, cannot be used to assess the presence of 
Chlorobiaceae, and, thus, photic zone anoxia in the depositional environment, since the aryl isoprenoids, 
which can be formed by C-C bond cleavage of both isorenieratane and β-isorenieratane, have a mixed 
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isotopic signature in the oil. In other words, the bacteria (Chlorobiaceae) are not the only source of aryl 
isoprenoids. The other source of aryl isoprenoids, i.e. β-isorenieratane, is not derived from β-
isorenieratene biosynthesized by Chlorobiaceae, but from aromatisation of β-carotene. This was 
confirmed by laboratory aromatization of partially hydrogenated β-carotene, which yielded β-
isorenieratane as the main product. Nevertheless, the δ13C value of isorenieratane is ca. 15‰ higher than 
that of β-isorenieratane (Koopmans et al., 1996b). Therefore, aryl isoprenoids together with heavier δ13C 
isotopic data can ensure their isorenieratane origin and hence prove the presence of Chlorobiaceae.  
A relationship between abundance of aryl isoprenoids (trimethylbenzenes) and reducing conditions 
indicated by the Pr/Ph ratio was reported for the Posidonia Shale from SW Germany by Schwark and 
Frimmel (2004). High abundance of aryl isoprenoids was associated with low values of the aryl isoprenoid 
ratio (AIR), which is the ratio of short-chain (C13-17) aryl isoprenoids over long-chain (C18-22) aryl 
isoprenoids, and with low Pr/Ph values. Long-chain aryl isoprenoids (C18-22) are less degraded under 
persistent photic zone anoxic conditions, whereas higher abundance of short-chain aryl isoprenoids (C13-17) 
indicates that anoxic conditions were only episodic. The AIR was calculated for PS samples of this study 
and additionally, C14,18,19 2,3,6-trimethyl-substituted aryl isoprenoid / C14,18,19 3,4,5-trimethyl-substituted 
aryl isoprenoid ratios (C14,18,19 AIRs) were calculated. The l-alkyl-2,3,6-trimethylbenzenes (m/z=133) are 
usually more abundant than l-alkyl-3,4,5-trimethylbenzenes (m/z=134), whereas the latter are thought to 
be more abundant under anoxic conditions (Micelli Romero and Philp, 2012). A comparison of oxygen 
related AIRs compared to Pr/Ph indicating redox conditions in water column is illustrated in Fig. 4.19. 
The ratios derived for C14 AIR and C19 AIR are more consistent with Pr/Ph ratios, indicating more 
reducing conditions for the Luxembourg location and less reducing conditions for SA of southwest 
Germany (Fig. 4.19). However, the values for the C18 AIR as well as AIR based on short chains versus 
long chains are less correlated with Pr/Ph, especially for the SA samples. 
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Figure 4.19 Oxygen related AIRs compared to Pr/Ph indicate redox conditions in water column during 
deposition of the PS in the SA and FA of SW-Germany, Runswick Bay of UK and LOZ-1 of NL as well as 
the Esch-sur-Alzette of LU.AIR=(C13-17/C18-22) aryl isoprenoid ratio; C14,18,19 AIR= C14,18,19 2,3,6-trimethyl-
substituted aryl isoprenoid / C14,18,19 3,4,5-trimethyl-substituted aryl isoprenoid. 
According to Schwark and Frimmel (2004), AIR (C13-17/C18-22 aryl isoprenoid ratio) varies between values 
of 0.5, indicative of persistent PZA phases, and 3.0 for short-termed episodic PZA events. Adopting this 
interpretation merely based on AIR combined with D/P ratios, episodic PZA events might have occurred 
at the sampling localities (Fig. 4.20), but variability in the AIR parameter is large for each of the locations. 
Furthermore, in this study, because of lack of δ13C isotopic data, final conclusions on photic zone anoxia 
cannot be deduced for the sampling localities. Especially, for those sampling localities with ferruginous 
conditions, i.e., Runswick Bay, UK and LOZ-1, NL, the existence of flourishing green sulfur bacteria 
Chlorobiaceae is profoundly doubtful because free hydrogen sulfide (H2S) could have been completely 
consumed by reactive iron forming iron sulfide such as pyrite.  
In previous studies, PZE was thought to be a common feature of the Early Toarcian sea in Southwest 
Germany based on the evidence of the presence of derivatives of carotenoids, such as isorenieratane, from 
anoxygenic phototrophic sulfur bacteria (Schouten et al., 2000; Schwark and Frimmel, 2004). Their 
concentrations were found to be extremely low in black shales from the tenuicostatum zone but are 
significant in the falciferum and bifrons zone with a maximum in the exaratum subzone (Schouten et al., 
2000). Photic-zone euxinic conditions were also postulated in all the North Atlantic sites investigated by 
Pancost et al. (2004) based on the assumption that methyl isobutyl (Me, i-Bu) maleimide, on structural 
grounds, appears to be diagnostic of green sulfur bacteria. Bowden et al. (2006) concluded that water 
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column anoxia extended into the photic zone periodically if not continuously during the deposition of the 
Jet Rock (Yorkshire, UK) based on isorenieratene derivatives found in all fractions. 
 
Figure 4.20 Aryl isoprenoid ratio (AIR: C13-17/C18-22) vs. dibenzothiophene/ phenanthrene plot for the PS 
from the SA and FA of SW-Germany, Wenzen of NW-Germany, Runswick Bay of UK and LOZ-1 of NL as 
well as the Esch-sur-Alzette, LU.Range of Episodic PZA events is after Schwark and Frimmel (2004). 
Note: PZA is not finally deduced due to lack of δ13C isotopic data in this study.  
However, okenane, a marker of purple sulfur bacteria (PSB), was detected in the PS at Hawsker Bottoms 
by French et al. (2014). Okenane is potentially derived from the red-colored aromatic carotenoid okenone. 
They pointed out that, based on modern observations, okenone would require extremely shallow PZE and 
a highly restricted depositional environment (Brocks and Schaeffer, 2008). However, due to coastal 
vertical mixing, the lack of planktonic okenone production in modern marine sulfidic environments, and 
building evidence of okenone production in mat-dwelling Chromatiaceae, French et al. (2014) hence 
proposed a sedimentary source of okenone as an alternative. In combination with previous reports of 
microbial wavy lamination in Toarcian shales of Yorkshire and coeval shales in northern Europe, they 
argued that okenane, and potentially chlorobactane and isorenieratane, was most likely mat-derived at 
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Hawsker Bottoms rather than produced by purple and green sulfur bacteria due to photic zone euxinia. 
Turbulent mixing at the surface and bottom boundary layers would have prevented a stable sulfidic 
chemocline from developing at Hawsker Bottoms during Toarcian anoxic event (T-OAE) due to a 
relatively shallow depositional environment (French et al., 2014). Therefore, their interpretation on the 
mat-derived origin of okenane indirectly supports the ferruginous condition in Runswick Bay proposed by 
us in this study, because flourishing of green sulfur bacteria Chlorobiaceae requiring both light and 
hydrogen sulfide is doubtful under this circumstance. 
4.5.5 Depositional mechanisms 
The organic-rich lower Toarcian sediments known as Jet Rock in England, Schistes Cartons in France and 
Posidonienschiefer (Posidonia Shale) in Germany, are widely distributed with outcrops and subcrops in 
north-east Britain, North Sea, Paris Basin, Aquitaine, Spain, northern and southern Germany, Switzerland, 
etc. (Riegraf et al., 1984). The sediments are stratigraphically under- and overlain by non-bituminous 
argillaceous facies and the more organic-rich sediments are dark, millimetre-laminated, benthos-poor and 
contain carbonate and pyritic concretions. The thickness of these facies is variable and generally in the 
range of ca. 5-40 m (Bitterli, 1960; Raiswell, 1976; Kauffman, 1978; Morris, 1979 & 1980; Seilacher, 
1982; Riegraf, 1982; Riegraf et al., 1984; Jenkyns, 1985; Littke et al., 1988). In very general terms, the 
depositional context of these sediments is thought to have been an oxygen-depleted epicontinental sea of 
moderate depth (Hallam, 1975; McArthur et al., 2008). Küspert (1982) observed significant depletion in 
δ13C in carbonates and organic matter coinciding with the widest regional occurrence of bituminous rocks 
in Europe. The largest Jurassic outcrop areas are in the eastern Paris Basin, the French Jura Mountains and 
SE France, southern Germany and southern Poland. In the eastern and western Alps, northern Germany, 
and in the Czech Republic and Slovakia, outcrops are smaller and more scattered. All these areas were 
believed to be flooded by Early Jurassic epicontinental seas (Hallam, 1975).  
Here, among our sampling localities covering a vast area of NW Europe, restricted anoxic and sulfidic 
bottom water with a stratified water column and possibly enhanced water salinity are assumed to prevail 
during deposition of the PS in the FA of SW-Germany based on a series of biomarker indicators discussed 
above. Widespread euxinia along continental margins would have removed dissolved iron from the water 
column through the precipitation of pyrite. Variations of redox conditions indicate fluctuating chemoclines 
in a stratified water column. At the margin of the basin, more complex morphology is conducive for 
generating regional restricted bottom water in the FA, in contrast to the more open marine and more 
oxygenated water column in the SW German basin (Röhl and Schmid-Röhl, 2005). Nevertheless, during 
diagenesis anoxic to sulfidic pore water conditions are assumed for the sediments of the SA, which is 
evidenced by its abundant diagenetic pyrites. Situations with restricted and quiet bottom water conditions 
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in the Esch-sur-Alzette of LU and Wenzen of NW-Germany are similar to that in the FA during deposition 
of the PS, which however appears even more reducing and sulfidic.  
On the contrary, ferruginous conditions were built up during deposition of the PS in Runswick Bay, UK, 
and LOZ-1, NL, due to enriched iron at these two sampling localities. H2S generated by bacterial sulfate 
reduction was removed by dissolved iron from the water column through the precipitation of pyrite. More 
open to terrigenous areas settled by land plants, clastic material and riverine fresh water runoff delivered 
the abundant iron for ferruginous conditions. As discussed above, high ratios of C29/C27-29 steranes 
combined with low ratios of steranes/ hopanes strongly evidence the high proportion of terrigenous 
organic matter input in Runswick Bay, UK, during deposition of the PS. The enhanced concentration of 
hopanes may be ascribed to soil bacteria which are delivered by terrigenous runoff and coastal erosion 
thereby lowering the steranes/ hopanes ratio (French et al., 2014).    
As illustrated in the Sinemurian-Aalenian paleogeographic facies map (Fig. 4.1), the locations of 
Runswick Bay, UK, and LOZ-1, NL, are obviously much closer to the clastic source areas, i.e., Pennine 
High (PH) and London-Brabant Massif (LBM), respectively. This is in excellent agreement with the 
higher abundance of terrestrial organic matter as detected in the biomarker indicators. On the other hand, 
marine deltaic-continental clastic sediments exist in SW-Germany. There the clastic source area is closer 
to the FA, but quite distant to the SA which is instead much closer to the carbonate facies of the warm, 
Tethyan realm (Fig. 4.1). Terrigenous organic matter was mostly deposited in the proximal rather than in 
the distal marine area where the PS of the SA was deposited. This in turn resulted in less terrestrial 
organic matter as detected in the SA.  
Some facts and basic information on the sampling localities during deposition of the Lower Toracian 
Posidonia Shale in NW Europe are summarized in Table 4.8. In summary, the three different types of 
redox conditions, i.e., ferruginous (iron-rich), sulfidic (H2S-rich), dysoxic (more oxygenated), indicated by 
the environment-diagnostic biomarkers refer to the balance between Fe
2+
 and H2S as well as free O2 
during deposition of the Lower Toarcian Posidonia Shale in NW Europe, depending on which is more 
abundant and predominant in the environment. Specifically, in ferruginous conditions, sulfur is completely 
consumed by the enriched iron, e.g. at Runswick Bay, UK and LOZ-1, NL, whereas in sulfidic conditions, 
lower amounts of dissolved iron are consumed, e.g. at the FA of SW-Germany, Wenzen of NW-Germany 
and Esch-sur-Alzette of LU. Therefore, when reactive iron oxides are present in high concentration, no 
dissolved sulfide is observed in bottom waters and sediment pore waters, despite high rates of sulfate 
reduction (Canfield, 1989) and ferruginous conditions (anoxic, but sulfide-free) prevail. In fact, in most 
continental margin sediments, no free hydrogen sulfide is observed until after the iron oxyhydroxides and 
oxides (except magnetite) have been completely consumed forming iron sulfide (Canfield et al., 1992).  
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Table 4.8 A summary of the three different types of redox conditions prevailed in the sampling localities 
during deposition of the Lower Toracian Posidonia Shale in NW Europe. 
Items 
Runswick 
Bay, UK 
LOZ-1 well, 
NL 
Esch-sur-
Alzette, 
LU 
FA, SW-
Germany 
Wenzen, 
NW-
Germany 
SA, SW-
Germany 
Types of redox conditions Ferruginous Sulfidic Dysoxic 
Environment-
diagnostic 
Proxies 
Pr/Ph 1.0-2.0 <1.0 <1.0-1.7 <1.0 >1.5-3.0 
Gamm. Index <0.1 >0.2 >0.2 >0.1 <0.1 
Ts/(Ts+Tm) normal abnormally high normal 
Moretane Index normal abnormally high normal 
22S/(22S+22R) 
C31 Homohopane  
normal abnormally low normal 
Dibenzothiophene/ 
Phenanthrene 
low <0.2 high >0.5 
fair >0.2 
&<0.5 
Pyrite 
>95% of <7µm; 
syngenetic pyrite 
predominant 
larger in size; irregular in shape; abundant 
diagenetic pyrite 
Maturity 
early 
mature 
immature* 
immature-
early 
mature 
immature immature 
immature-
early 
mature 
Salinity normal marine salinity enhanced water salinity 
normal 
marine  
salinity 
Redox reducing Fe-rich bottom water H2S 
temporarily 
O2 bottom 
water 
Terrestrial OM input High moderate low low 
Water depth shallow shelf sea 
Surface water temperature cool moderate warm warm moderate warm 
*with some high mature intervals. 
Theoretically, ferruginous condition refers to anoxic, iron-rich oceanic conditions (Poulton et al., 2004; Li 
et al., 2010; Poulton and Canfield, 2011; Yoshiya et al., 2015). However, at our sampling localities, i.e. 
Runswick Bay, UK, and LOZ-1, NL, indicators of strongly reducing biomarkers are absent, e.g., low 
Pr/Ph ratios and/or high homohopane index (C35/C31-35). Instead, these biomarkers rather imply oxygen-
depleted (dysoxic/suboxic) but not as strongly reducing characteristics as that of sulfidic conditions.  
Furthermore, pyrite as one of the major sedimentary components of the Lower Toarcian Posidonia Shale 
is not negligible and provides important clues in deciphering the environmental conditions. Differences in 
pyrite size distributions exist among different redox conditions. In ferruginous conditions, abundant 
syngenetic small particles of pyrite are predominant. This pattern was observed in the PS of Runswick 
Bay, UK, and LOZ-1, NL. In contrast, more abundant diagenetic pyrites of larger diameter and irregular in 
shape are typical of sulfidic conditions due to lack of reactive iron in the water column. This pattern was 
observed at the sampling locations in northern and southern Germany and Luxembourg.  
Although we mainly focus on the regional variability but not much on the global causes for black shale 
deposition during this time, it should be noted that deposition of an excellent petroleum source rock over 
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wide areas took place in a rather shallow sea connecting the Boreal and Tethyan Oceans (Fig. 4.1), which 
is not in line with common depositional concepts for marine black shales (Arthur and Sageman, 1994). 
Water depth was probably in the order of a few hundred meters only.  Subsidence in this area was initiated 
by continental breakup of Pangea and initial spreading in the Atlantic about 185 Myr ago (Steiner et al., 
1998). Before the Jurassic, continental deposits prevailed in this area. Strong subsidence during the Early 
Jurassic created the necessary accumulation space for the black shales, with greatest thicknesses in 
northern Germany and The Netherlands, decreasing towards the northwest (England) and south (SA and 
FA). The greater thickness may coincide with greater water depths, probably favouring anoxic conditions 
and black shale deposition. In the very deep waters of the Tethys, organic facies and TOC content are less 
favorable (Baudin et al., 1990). Climate during the Early Jurassic was globally much warmer than at 
present, probably by 5-10 °C (Chandler et al., 1992) leading to lower oxygen solubility in shallow water 
and thus enhancing the preservation potential for organic material. Similarly, warm climate also coincided 
with the Cretaceous anoxic events such as the CTBE (Cenomanian-Turonian Boundary Event; Sachse et 
al., 2014).  
In addition, the existence of a salinity gradient from the northern to the southern parts of the depositional 
area, i.e. between the Boreal sea and the Tethys was proposed by Rosales et al. (2004). Differences in 
δ18O data suggest a salinity component for the northern European data and provide evidence for a north-
to-south salinity gradient within the north European interior (Boreal) seaway during the Early Jurassic. At 
that time northern Europe was characterized by a strong meridional atmospheric circulation and a 
monsoonal climate with high runoff rates according to paleoclimatic simulations for the Early Jurassic 
(Chandler et al. 1992; Bjerrum et al. 2001). This is also in agreement with salinity-related biomarker data 
for our sampling localities, also revealing differences in water salinity between the northern and southern 
part of the NW European seaway. Specifically, enhanced water salinity represented by gammacerane 
index, Ts/ (Ts+Tm) and C30 moretane/ (hopane + moretane) ratios occurred in the southern part such as 
the FA of SW-Germany and Esch-sur-Alzette of LU. In contrast, in the northern part including Runswick 
Bay, UK, and LOZ-1, NL, no indications of higher water salinity were deduced from biomarker data. 
Furthermore, the negative δ18O shift of 1.3‰ for the Early Toarcian samples is in the range of the shift 
detected between the Yorkshire and the northern Spain samples. The δ18O variations recorded in the 
belemnite calcites from northern Spain are perceived to be largely related to changes in sea-water 
temperature and that freshwater contamination may have been less effective in the southern parts of the 
epicontinental Boreal sea (now represented by northern Spain) (Rosales et al., 2004). Bailey et al. (2003) 
studied δ18O and Mg/Ca ratios for the Yorkshire belemnite calcites, assuming a temperature sensitivity of 
Mg/Ca in belemnites similar to that observed in modern biogenic calcites. They suggested that a 
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temperature change from the mid-tenuicostatum zone to the falciferum zone of about 6–7 °C, contrasting 
with the temperature change of ~13°C calculated from the δ18O values of the same samples. Accordingly, 
a substantial salinity decrease was proposed to explain a residual negative δ18O shift of about 1.3‰ that 
corresponds to this 6–7°C difference between δ18O and Mg/Ca temperatures. This is also in agreement 
with calculations based on the difference in δ18O data between northern Europe and northern Spain by 
Rosales et al. (2004).  
4.6 Conclusions 
Based on a series of maturity-related biomarker proxies including C29 ααα 20S/(20S+20R),  C29 
ββ/(αα+ββ), C27 diasterane/ (diasteranes + regular steranes), MPI-1, TA(I)/TA(I+II) and TA/(TA+MA), 
the highest thermal maturity among the sampling localities occurs in the PS of Runswick Bay, UK, 
equivalent to ca. 0.7% VRr, whereas samples from other sampling localities are all definitely in the 
immature to very early stage of oil generation with merely slight variations. However, in northwest 
Germany the maturity is known to vary greatly, reaching even the dry gas window (Littke et al., 1988; 
Rullkötter et al., 1988; Bruns et al., 2014); only immature PS samples from this area were selected for 
comparison and environment-diagnostic biomarkers analyses. Accordingly, three different types of bottom 
water conditions are proposed based on our data for the studied six sampling localities during deposition 
of the PS in NW Europe.  
(1) Ferruginous conditions are discriminated by low D/P ratio (<0.2) and gammacerane index (<0.1) 
in Runswick Bay, UK, and LOZ-1, NL. This is accompanied by high total sulfur (TS) and high 
TS/TOC ratios at Runswick Bay, UK, but to a lesser extent at LOZ-1, NL (Song et al., 2015). Free 
hydrogen sulfide (H2S) could have been completely consumed by the enriched available reactive 
iron and precipitated in form of pyrite. Abundant tiny pyrites (>95% of < 7 µm in diameter) 
uniformly distributed in the sediments are postulated to be generated within the water column due 
to immediate reaction of Fe
2+
 and H2S (bacterial sulfate reduction). Due to a low degree of 
sulfurization of organic matter, sulfur-lean hydrocarbons can in turn be expected in the source 
rocks deposited in ferruginous conditions. 
The iron was believed to be supplied by terrigenous clastic sources due to the narrow marginal 
sea, especially for Runswick Bay, UK. High ratios of C29/C27-29 steranes combined with low ratios 
of steranes/ hopanes and high terrigenous/ aquatic ratios (TAR; Song et al., 2015) as well as high 
phenanthrene/ naphthalene ratios strongly support the high proportion of terrigenous organic 
matter input in Runswick Bay, UK, during deposition of the PS. The lowered steranes/ hopanes 
ratio with enhanced hopane (prokaryotes) concentration may be ascribed to soil bacteria which 
were delivered by terrigenous organic matter (French et al., 2014). By comparison, iron supply 
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associated with terrigenous clastic source inputs was lower at LOZ-1, NL, but higher than at the 
other sites further south and east, which were more carbonate-dominated and stronger influenced 
by the warm Tethys Ocean. 
(2) A strongly reducing, sulfidic (euxinic) bottom water prevailed in the PS of the Esch-sur-Alzette of 
LU, which was accompanied by a stratified water column and possibly enhanced water salinity. 
This is supported by higher D/P ratio (>1.0) and gammacerane index (>0.2). Ts/ (Ts+Tm) and C30 
moretane / (hopane + moretane) are anomalously high compared to their thermal maturation 
levels, whereas 22S/ (22S+22R) C31-homohopane ratios are anomalously lowered, probably due 
to release of sulfurized hopanoids from organic sulfur-rich kerogen within iron-depleted 
carbonate-marlstone source rocks (Köster et al., 1997). The high D/P ratios indicate enhanced 
sulfurization of organic matter to some extent. A similar situation occurred in the FA of SW-
Germany and Wenzen of NW-Germany, but with less reducing and less sulfidic biomarker 
characteristics such as relatively higher Pr/Ph and lower D/P ratios (0.5-1.0). Furthermore, the PS 
at Wenzen of NW-Germany was probably less saline as well, indicated by lower gammacerane 
index (< 0.2), which is, however, clearly higher than in PS from UK and The Netherlands. 
Additionally, source rocks deposited in sulfidic conditions could generate more sulfur-rich 
hydrocarbons due to sulfur uptake into the organic matter. 
(3) Neither typical sulfidic nor ferruginous characteristics are observed in the SA, which instead are 
prone to indicate a more oxygenated (dysoxic-oxic) water column but with anoxic sediments 
during diagenesis, i.e., anoxic/dysoxic boundary close to the sediment/water interface. Low values 
of gammacerane index (<0.1) indicate no stratified water column or enhanced water salinity. D/P 
ratios are fair, between those of ferruginous conditions and those of reducing, sulfidic conditions. 
Ts/ (Ts+Tm), C30 moretane / (hopane + moretane) and 22S/ (22S+22R) C31-homohopane ratios 
are also consistent with thermal maturity rather than influenced by enhanced water salinity or high 
levels of sulfur.  In addition, there is also absence of evidence for strongly reducing conditions 
such as low Pr/Ph or high homohopane index (C35/C31-35). Nonetheless, abundant pyrites point to 
anoxic pore water during diagenesis of the PS in the SA of SW-Germany. 
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5 Summary 
The major contribution of this thesis to petroleum geology is to provide a new angle to view the 
extensively studied deposits with regard to new development and technology such as shale oil (light tight 
oil or tight oil) and shale gas. Comparisons of multiple sampling localities covering a vast area stimulate 
new discoveries based on a variety of parameters from different angles.  
 The Lower Toarcian Shale is more carbonate-rich in Germany and Luxembourg, and is instead 
more silicate-rich in UK and NL. However, HI values are similar at all sampling localities, with 
500-700 mg HC/g TOC on average, indicating typical type II kerogen. A mix of predominant 
marine algal and small amounts of terrigenous organic matter exhibits excellent hydrocarbon 
generation potential. Nevertheless, changes in abundance of terrigenous organic matter input were 
observed for the different sampling localities. In general, more terrestrial organic matter is present 
in Runswick Bay, UK compared to other localities.  
 
 The thermal maturity of the Lower Toarcian Shale in Runswick Bay, UK approaches the main 
phase of oil generation with VRr of 0.61-0.74%. Based on uniform Tmax values (425-438°C, avg. 
433 °C) and a narrow range of PI (0.10-0.19), hydrocarbons have been generated from the 
Posidonia Shale to some extent. Telalginite and lamalginite indicating dark yellow to orange 
fluorescing colors also substantiate the early stage of the oil window. In contrast, the Lower 
Toarcian Shale in the SA and FA of SW-Germany, Wenzen and Wickensen wells from northern 
Germany and Esch-sur-Alzette of LU are definitely still in the immature stage. Anomalously, 
variable thermal maturation is observed for the Posidonia Shale Formation of the LOZ-1, NL. One 
possible reason for the unexpected result within a narrow depth interval is intrusion by 
hydrothermal/magmatic activity. However, the increased PI detected in the entire formation points 
to presence of non-indigenous hydrocarbons, especially for those samples with low maturity. This 
is strongly supported by the molecular pattern of non-aromatic hydrocarbons which indicate 
extensive low molecular weight compounds with short-chain n-alkanes extending from n-
C10 to n-C16 and a sharp decrease in hydrocarbons towards the heavier waxier components 
(>n-C20). The hydrocarbons are probably migrated oil from adjacent more mature areas in the 
Posidonia Shale Formation. Other possible sources are contamination by diesel, added to the 
drilling fluid and locally generated hydrocarbons due to hot water on fractures related to 
magmatic intrusions.  
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 The petroleum generation potential of the PS is high in all studied regions due to the high TOC 
and Hydrogen Index. However, differences exist which can be expressed by SPI values. The latter 
are highest for northern Germany, where the PS is richest in TOC and has the highest HI values 
combined with a thickness of 30 to 40 m at most places. Lower values result for the PS in 
southern Germany and Luxembourg as well as UK, although a greater thickness than that 
observed at Runswick Bay may occur at other places in the UK. A very high potential is also 
attributed to the PS in The Netherlands mainly due to its thickness which is, however, variable. 
There, also advanced maturation levels have been found, which are restricted to a small depth 
interval where the PS has clearly reached oil window maturity. Uniform, advanced thermal 
maturity within the oil window is deduced for the Cleveland Basin, UK. In northern Germany, the 
PS ranges from immature to gas window mature (Rullkötter et al., 1988; Bruns et al., 2014) and 
can accordingly be regarded as excellent target for both shale oil and shale gas exploration. In 
southern Germany, highest maturities can be expected in the Upper Rhine Graben, where Tertiary 
subsidence enhanced PS maturity leading to oil generation (Böcker and Littke, 2015). 
 
 Based on a series of maturity-related biomarker proxies including C29 ααα 20S/(20S+20R),  C29 
ββ/(αα+ββ), C27 diasterane, MPI-1, TA(I)/TA(I+II) and TA/(TA+MA), the highest thermal 
maturity among the sampling localities occurs in the PS of Runswick Bay, UK, equivalent to ca. 
0.7% VRr, whereas samples from other sampling localities are all definitely in the immature to 
very early stage of oil generation with slight variations.Three different types of redox conditions 
are established for the six sampling localities during deposition of the PS in NW Europe.  
i. Ferruginous conditions are discriminated by low D/P ratio (<0.2) and gammacerane index 
(<0.1) in Runswick Bay, UK, and LOZ-1, NL. This is accompanied by high total sulfur 
(TS) and high TS/TOC ratios at Runswick Bay, UK, but to a lesser extent at LOZ-1, NL 
(Song et al., 2015). Free hydrogen sulfide (H2S) could have been completely consumed by 
the enriched available reactive iron and precipitated in form of pyrite. Abundant tiny 
pyrites (>95% of < 7 µm in diameter) uniformly distributed in the sediments are 
postulated to be generated within the water column due to immediate reaction of Fe
2+
 and 
H2S (bacterial sulfate reduction). Due to a low degree of sulfurization of organic matter, 
sulfur-lean hydrocarbons can in turn be expected in the source rocks deposited in 
ferruginous conditions. 
The iron was believed to be supplied by terrigenous clastic sources due to the narrow 
marginal sea, especially for Runswick Bay, UK. High ratios of C29/C27-29 steranes 
combined with low ratios of steranes/ hopanes and high terrigenous/ aquatic ratios (TAR; 
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Song et al., 2015) as well as high phenanthrene/ naphthalene ratios strongly support the 
high proportion of terrigenous organic matter input in Runswick Bay, UK, during 
deposition of the PS. The lowered steranes/ hopanes ratio with enhanced hopane 
(prokaryotes) concentration may be ascribed to soil bacteria which were delivered by 
terrigenous organic matter (French et al., 2014). By comparison, iron supply associated 
with terrigenous clastic source inputs was lower at LOZ-1, NL, but higher than at the 
other sites further south and east, which were more carbonate-dominated and stronger 
influenced by the warm Tethys Ocean. 
ii. A strongly reducing, sulfidic (euxinic) bottom water prevailed in the PS of the Esch-sur-
Alzette of LU, which was accompanied by a stratified water column and possibly 
enhanced water salinity. This is supported by higher D/P ratio (>1.0) and gammacerane 
index (>0.2). Ts/ (Ts+Tm) and C30 moretane / (hopane + moretane) are anomalously high 
compared to their thermal maturation levels, whereas 22S/ (22S+22R) C31-homohopane 
ratios are anomalously lowered, probably due to release of sulfurized hopanoids from 
organic sulfur-rich kerogen within iron-depleted carbonate-marlstone source rocks 
(Köster et al., 1997). The high D/P ratios indicate enhanced sulfurization of organic 
matter to some extent. A similar situation occurred in the FA of SW-Germany and 
Wenzen of NW-Germany, but with less reducing and less sulfidic biomarker 
characteristics such as relatively higher Pr/Ph and lower D/P ratios (0.5-1.0). Furthermore, 
the PS at Wenzen of NW-Germany was probably less saline as well, indicated by lower 
gammacerane index (< 0.2), which is, however, clearly higher than in PS from UK and 
The Netherlands. Additionally, source rocks deposited in sulfidic conditions could 
generate more sulfur-rich hydrocarbons due to sulfur uptake into the organic matter. 
iii. Neither typical sulfidic nor ferruginous characteristics are observed in the SA, which 
instead are prone to indicate a more oxygenated (dysoxic-oxic) water column but with 
anoxic sediments during diagenesis, i.e., anoxic/dysoxic boundary close to the 
sediment/water interface. Low values of gammacerane index (<0.1) indicate no stratified 
water column or enhanced water salinity. D/P ratios are fair, between those of ferruginous 
conditions and those of reducing, sulfidic conditions. Ts/ (Ts+Tm), C30 moretane / 
(hopane + moretane) and 22S/ (22S+22R) C31-homohopane ratios are also consistent with 
thermal maturity rather than influenced by enhanced water salinity or high levels of 
sulfur.  In addition, there is also absence of evidence for strongly reducing conditions 
such as low Pr/Ph or high homohopane index (C35/C31-35). Nonetheless, abundant pyrites 
point to anoxic pore water during diagenesis of the PS in the SA of SW-Germany. 
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